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PREFACE 

A Preface may be considered, in the first place, to be 
something in the nature of an apology on behalf of the author 
for helping to swell the great number of books with which 
the reading public are so unduly pestered. Unless the author 
feels sincerely that he has something to say worth the saying 
he had better avoid the printing press as he would the devil. 
For, in such a case, he will be doing a disservice to two classes 
of people. First, he will narrow the market for other — and, 
perhaps, more worthy — bookmakers : — 



" Thou shalt not covet, but tradition 
Approves all forms of competition. 
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And, secondly, he will be burdensome to such readers — and, 
of these there are not a few — ^who believe that — 

** A book's a book although there's nothing in't." 

As to whether there is anything in the volume to which 
these pages form a preface, it is not my privilege to say. That 
is for the reader to determine. What I may be permitted to 
do is to excuse myself of the first of these two disservices, 
namely, to plead that I have not dumped my goods upon a 
glutted market. 

As far as I am aware, there are only two books extant in 
the English tongue on the Gas Turbine. The first of these 
consists of a number of scientific papers, bound together, and 
edited by an American in 1909. Though a useful reference 
book, containing, moreover, the account of the Armengaud- 
Lemale experiments taken from Cassier's Magazine, it is now 
out of date, inasmuch as the excellent work of Herr Holzwarth 
was effected since its publication. The other book is the 
English translation of Herr Holzwarth's account of his gas 
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vi PREFACE 

turbine at Mannheim in 1911. While the insufficiency of 
Mr. Suplee's book is that it has nothing to say about the 
Holzwarth turbine, the inadequacy of Herr Holzwarth's book 
is that it has nothing to say about anything else ; it is, in fact, 
a monograph (and a very valuable monograph) deaUng with 
the operation of one particular machine. Of books on the 
gas turbine in other languages than EngUsh there are (besides 
the German edition of Holzwarth), in French, M. Ventou- 
Duclaux's ** Les Turbines a Gaz " (Dunod et Pinat, Paris, 
1912), and, in ItaUan, Ing. Egidio GarufEa's " Le Turbine a 
Gas " (Bietti and Reggiani, Milan, 1913), neither of which 
volumes gives a comprehensive survey of the gas turbine 
problem. It therefore seemed to me that a book deaUng with 
the gas turbine in a comprehensive and a cathoUc manner, 
written in the EngUsh tongue, would not be in the nature of 
an attempt to fill a want already suppUed. 

The subject falls naturally into the two divisions of theory 
and practice ; at the present stage of research it is inevitable 
that the former should preponderate over the latter, though 
it cannot be too often emphasised that the gas turbine problem 
is wholly a practical one. Of the three types of gas turbines 
— the constant-pressure, single-fluid ; the constant- volume, 
single-fluid; and the constant-pressure, mixed-fluid, the last 
named has not up to now received the notice it deserves. I 
have here attempted to remedy that neglect. 

I have adopted the more commonly accepted values for 
thermodynamic constants in all calculations ; a detailed 
analysis of the variations of these with external conditions is 
given in Chapter VI. To burden all formula with the inter- 
polation of variable constants in order to eliminate an '' error " 
of one in three hundred is simply rabbinical. 

The Centigrade scale of temperature has been adopted 
throughout this book, the thermal unit used being that 
quantity of heat required to raise one pound of water througli 
1° C. — after the precedent of Sir James Ewing. 
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The second purpose of a preface is to give an opportunity 
to the author of thanking such as have aided him in his under- 
taking. Let me then acknowledge my gratitude to The 
Engineer for permission to make use of matter that I con- 
tributed to that periodical in the spring of 1912 ; to Herr 
Hans Holzwarth, for information, kindly and courteously 
given, and to Messrs. Oldenbourg, for the loan of their blocks ; 
to Mr. P. J. Mitchell, for details concerning the Rateau pump ; 
to Cassier's Magazine, for permission to reproduce Fig. 92 ; 
and to Messrs. Escher, Wyss & Co., for illustrations of the 
Zoelly compressor. 

I have added in an Appendix a Ust of the Gas Turbine 
Patents in the English Patent Office from the year 1856 to 
September, 1913. 

NORMAN DAVEY. 

EwELL, Surrey. 

January, 1914. 
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BOOK I. THE THEORY 

CHAPTER I. GENERAL CONSIDERATIONS OF 
THE GAS TURBINE AS A HEAT ENGINE 

The gas turbine, in the broadest sense in which that term can 
be used, may be divided into three classes of rotary machines. 
All these three types use the expansion of a gas for the produc- 
tion of work translated into rotative motion without the use 
of intervening reciprocating parts. This is the largest sense in 
which the word ** turbine " can be applied ; it is not the 
absolute, accurate, and limited sense in which the word should 
be used. Of late, however, a method has been advocated of 
employing the expansive power of gases indirectly to the 
production of rotary motion, which cannot well be neglected 
in any book dealing with the gas turbine. It is therefore 
necessary to regard the gas turbine, first of all, in its broadest 
basis of definition. 

. The three methods whereby the expansive power of a gas 
may be utilised to produce rotary motion without the interpo- 
lation of reciprocating parts are as follows : — 

First, the so-called '* fixed abutment " type of rotary 
explosion motor. This type of machine has never been a 
success, though numberless patents have been taken out for 
engines of this kind, more especially during the last two 
decades of the nineteenth century. The system is now 
practically defunct and need not be considered any further 
here. The machine is of the rotary piston order, and does not 
come into the stricter sense of the word " turbine " at all. 

Secondly, the gas-driven water turbine. This special type 
of machine has come to the front of late in connection with the 
gas explosion pump of Mr. Humphrey. The expansion of gas 

G.T. B 



2 THE GAS TURBINE 

is made to give kinetic energy to a mass of water, which energy 
is absorbed by a turbine wheel. It is interesting to note that 
one of the earliest patents for a gas turbine was for a machine 
working on this principle, viz., Newton, No. 1672, in the year 
1865. This type of rotary machine, though a turbine in the 
accurate sense, can hardly be considered as a gas turbine in the 
accurate sense. It will be considered, briefly, in a subsequent 
chapter. 

Thirdly, the gas turbine, properly so named. This machine 
may be absolutely defined as '* a machine in which the potential 
energy of a gas, or a mixture of gases, or a mixture of gas and ^ 
vapour (but not a vapour alone), is converted into kinetic 
energy ; and the energy thus produced, absorbed by rotary 
mechanism without the intervention of reciprocating parts." 
This is the gas turbine as generally understood since Barber's 
patent in 1791 to the present day. 

The gas turbine consists essentially of three integral pairts : 
the furnace, or heat source ; the turbine (or turbine and 
pump), or energy -absorber ; and the cooler (or condenser) or 
heat-sump. Gas turbines may be divided into three classes, 
according to the cycle on which they operate. The cycles in 
question can be correlated with their congeners in internal 
combustion piston engines. The three cycles are as follows :— r 

Cycle I. — ^Heat taken iq at constant pressure. 

In gas engines : The Diesel cycle. 

In gas turbines : The Armengaud and Lemale cycle. 

Cycle II. — ^Heat taken in at constant volume. 

In gas engines : The Otto (or Lenoir) cycle. 
In gas turbines : The Holzwarth cycle. 

Cycle III. — ^Heat taken in at neither constant pressure nor 
constant volume, but during thermodynamic conditions 
varying between these states. 

In gas engines : There is no theoretical cycle of such a 
nature among piston engiaes ; in practice, however, 
the Otto cycle tends to take in heat at a slightly varying 
volume (i.e., the *' explosion line " on the diagram leans 
forward slightly; with the old Lenoir engine this was 
much more marked). 

In gas turbines : The Karavodine cycle. 
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Of these three cycles (onall of which actual gas turbines have 
been constructed and put into operation) only the first two have 
given anything like sfa efficiency approaching that obtained 
with other heat engines. The third cycle is essentially 
inefficient ; it invites, however, extreme simplicity of 
construction. 




Fig. 1.—" PV " Diagram for Cycle I. 



THEORETICAL ANALYSIS OF THE THREE CYCLES. 

Cycle I. — Heat Taken in at Constant Pressure. 

In the *'PV" diagram 
(Fig. 1) the gas is heated at 
constant pressure from a to 
b ; it is then expanded adi- 
abatically in the turbine 
from 6 to c, the tempera- 
ture dropping in the pro- 
cess ; heat is rejected to 
the cooler from c to d, at 
constant pressure, and the 
fluid is compressed to its ori- 
ginal pressure, isothermally along da. or adiabatically along de. 

The same series of opera- 
tions is shown in the en- 
tropy-temperature diagram 
(Fig. 2). ab represents the 
absorption of the heat at 
constant pressure ; be, the 
adiabatic expansion ; cd, 
the rejection of heat at 
constant pressure ; da, the 
isothermal compression, or 
de, the adiabatic. 
The efficiency 
cycle is : — 

H-A 



of 



any 




H 



/ d 
Fig. 2. — " ©♦ " Diagram for;Cycle I. 



where H equals the heat put into the system, and h the heat 

B 2 
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rejected from the systoiu. For (-ycle J. the efficiencies are 
dcKluced as follows : — 

(A) With isothermal compression (Armengaud and Lemalo 
system) : 

H - A - A' 

>;= H 

where A' = negative work (expressed as heat units) done on 
pump 

^ C, (^1 - ^o) - C,, (^a - ^o) - R^2 log r, 

C;, (^1 — ^O) 

where 0i is the temperature at 6 ; 0^ the temperature at c ; 
$0 the temperature at a and d ; r is the compression '* ratio " 
(pressure), and R is the constant for the gas equation. 

(^1 - 0,) - 0, log ^J ' y 

Then ,= ^— . 5-^ 

C/i — C/q 

substituting the value C^, ( 1 ) for R. ^ ^ •*' 

(B) With adiabatic compression (Diesel system) : ( 

H - A _ C,. (gi - ^3) - C,. (02 - Bo) 
'' - H - C, (^1 - d,) 

J 02 — 00 

01 — 0:i 



=-(f) 



where 0i is the temperature at b; 02 the temperature ate; 
03 the temperature at e ; 0o the temperature at d ; and r the 
ratio of initial to final pressure. 

In the Diesel oil engine, the heat is rejected at constant 
volume instead of at constant pressure, in which case the 
theoretical efficiency of the cycle becomes — 

, 0i — 00 
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where 0^ is the temperature at which the working fluid begins 
to reject heat to waste. 




Fig. 3.—" PV *' Diagram for 
Cycle II. 



Cycle II. — Heat taken in at Constant Volume. 

The gas is heated in a closed 
vessel, so that the volume is 
constant, by internal com- 
bustion (or otherwise) ; it is 
then allowed to expand adia- 

J\ batically through a turbine, 

X dropping in temperature d uring 

the process ; heat is rejected 
at constant pressure to the 
cooler. 

The working fluid may be 
initially compressed — adiabati- 
cally (as in the Otto cycle), or 
isothermaUy ; or there need be 
no initial compression (as in the Lenoir cycle). Fig. 3 repre- 
sents a ** PV " diagram for the 
cycle. 

The fluid is heated at con- 
stant press ure) from a (or e, or 
/) to b ; is expanded adiabati- 
cally from 6 to c ; heat is re- 
jected at constant pressure from 
c to a (or d) ; initial compres- 
sion may take place from d to e 
(isothermal) or from d to/ (adia- 
batic). 

An entropy -temperature dia- 
gram for the same cycle is 
shown in Fig. 4. Heat is ab- 
sorbed at constant volume 
along ab ; adiabatic expansion 
occurs along be (c') ; heat is 
rejected at constant pressure 

along ca ; or, in case of initial compression, c'd. da represents 
isothermal compression ; df, adiabatic. 




Fig. 4. — ** ©*" Diagram for 
Cycle II. 
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Efficiencies. — (A) No initial compression (Lenoir system) : 

^ B^-h ^ C. {01 - do) - C„ {dj - do) 
H Cp (^1 — ^o) 

(^i-^o) 

I 

~ r- 1 ^ 

where 6q = temperature at a ; di. temperature at b ; O2. 

temperature at c ; and r, the ratio of the initial to the final 

pressure. 

(B) With initial compression. 

I. Isothermal compression (Holzwarth system) : 

Let temperature of the fluid at e, b, and c, be Oo, Oi, and $2, 

respectively : then — 

^ H^k^h' ^ C\. (gi - do) - C, (02 - do) - Rg log r„ 
H C^, (^1 — ^0) 

where r„ = compression " ratio " of pump (pressures). 

]^e,^e2+''-^U^\og.r}. 

Then ^] = ^ ^ ' ' 




II. Adiabatic compression ftJllO system) : 
Let temperatures at d. b, c, and /. be 0o, 0i, 02, and ^3, 
respectively : then — 

_ H^ _ CriO, ~ 0,) ~ C, (02 - 0o) 
''- ~H ^ CAOi-0,) 

_._y(02-0o) 
(01 - 0s) 

1 Y^- 1 
_ 1 _ ^y/^7> Y — 1 

r — r^, y 
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Fig. 6.— ** PV " Diagram for 
Cycle in. 



Cycle III. — Heat taken in at neither Constant Pressure nor 
Constant Volume, but under Conditions varying between 
these States (Karavodine system). 

This condition occurs with explosion in an open vessel, or in 
a vessel with only a partially closed exit. These conditions were 
approximated in the Kara- 
vodine turbine. The effi- 
ciency was essentially low. 

Fig. 5 is a '*PV" diagram 
for this cycle. The working 
fluid takes in heat along ah, 
while changing both its pres- 
sure and its volume. Adia- 
batic expansion takes place 
through the turbine along he ; 
rejection of heat at constant 
pressure along qj)[. 

In the temperature -en- 
tropy diagram (Fig. 6) the 
absorption of heat takes place 
along ah, an arbitrary line, 
lying between the lines of 
heat-absorption at constant 
pressure (ap) and heat-ab- 
sorption at constant volume 
(av). Adiabatic expansion 
takes place along he, and 
rejection of heat at constant 
pressure along ca. 

Efficiency. — Heat taken in 
at some state between constant pressure and constant volume 
(Karavodine). 

Let temperatures at a, h, and c, be do, 0u and ^2, respectively. 
Then— 

_ (C, to C„) (ffi ^ 0o) - C, {02 - 0o) 
(C, to a) (^1 - ^0) 




Fig. 6. — ** e* " Diagram for 
Cycle III. 



V = 






7 (O2 - ^0) 



(1 to 7) (^1 - 6^0) 



It has already been mentioned that gas turbines may use 
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either a single gas or a mixture of gas and vapour ; the thermo- 
dynamic cycle is in either case the same. It is, however, 
convenient to separate gas turbines into two large classes, 
according as they use a gas only, or a gas and vapour together, 
as their working fluid. The former are known as single -fluid 
turbines ; the latter as mixed-fluid turbines. Single-fluid 
turbines are workable on the three cycles already described. 
Mixed-fluid gas turbines are theoretically possible in each of 
the said three cycles, but the dilution of the gas with a vapour 
(i.e., steam) is only thermodynamically advantageous in the 
cycle in which the heat is absorbed at constant pressure ; that 

is to say, in turbines 
of the Armengaud- 
Lemale variety. 
From the purely 
theoretical valua- 
tion of the cycle, the 
efliciency is lowered 
by any addition of 
steam to the gaseous 
fluid, but in actual 
practice there is a 
considerable gain in 
economy by so doing. 
Limits of tempera- 
ture, pressure, and 
peripheral speed, together with the inefficiencies inherent in 
pump and turbine, reduce the efficiency of the machine to a 
degree such that the addition of steam (imder the conditions of 
superheat, inaugurated by its injection into the products of 
combustion) is of considerable economic value. It is also of 
great utility in reducing the temperature of the hot gases on 
the turbine wheel to a limit compatible with the material of 
which the blades are made. The practical consideration of this 
(and other) cycles will be discussed in detail later. The cycle of 
thermodynamic operations in a mixed -fluid turbine using air 
(products of combustion) and steam is shown in Figs. 7 and 8. 
The diagrams are not drawn to scale, and the proportion of the 
steam to the air diagrams is purely arbitrary. Fig. 7 is a 
« PV " diagram for the system : abed is the diagram for the 




Fig. 7.—" PV " Diaeram for Mixed-Fluid 
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air, and a"Vh'c'd' is the diagram for the steam superimposed 
upon that of the air. The steam may be raised to a pressure, 
higher than that of the air in its initial state, in a separate 
vessel, and then expanded through a separate turbine into the 
heat -source of the gas turbine proper, further expansion 
taking place to the final pressure in the heat -sump, condenser, 
or cooler. This initial expansion of the steam is represented 
in Fig. 7 by the curve h"x ; the latter expansion, coincident 
with that of the air, by the curve 6'c'; further expansion of 
the steam may, of 
course, be effected by 
condensation of the 
same in a separate con- 
denser (the steam hav- 
ing been expanded in a 
separate wheel) ; such 
an operation is shown 
by the curve c'c\ and 
the subsequent conden- 
sation by the base-Une, 
c^d". The increase in 
volume of the steam 
from a: to 6' represents 
the effect of the super- 
heat. 

An entropy -tempera- 
ture diagram for the 

steam-and-air system is shown in Fig. 8 : abed is the diagram for 
the air ; a'a"h''h'c' (c") d' (d") that for the steam. The extra 
work done by the steam due to expansion above the upper limit 
of the air pressure is shown by the area a'Vxy ; the work due 
to the superheat of the steam by the heated gases of combus- 
tion, the area xh'c'd' ; the extra work done by expansion 
below the lower limit of pressure in the air turbine, the area 

a'd'c'c'd"z. 

The addition of steam to the gas turbine is possible in any 

proportion, provided the temperature of the working fluid is 
not fixed ; the more steam added, of course, the less the 
temperature. There neither is, nor can be, any Une of demarca- 
tion between the case in which a minimum quantity of steam 



a« 




Fig. 8.—" 0* " Diagram for Mixed-Fluid 

Turbine. 
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is used on the turbine wheel to counteract over-heating, and 
the mixed-fluid turbine in which the proportion of steam added 
approaches that of the air used, and the ultimate efficiency of 
the system is materially altered. It is, nevertheless, convenient 
to regard the " steam and air " by itself ; the type in which 
small quantities of vapour are added to the working fluid 
being considered as a single -fluid turbine. 

The gas turbine, indeed, can be regarded as being the 
product of three distinct Hnes of evolution from pre-existing 
types of heat engines. First, the constant -pressure, single- 
fluid gas turbine. This is simply the evolved product of the 
air engine in which a turbine wheel replaces the engine cyUnder, 
and a pump (rotary or otherwise) the pump cylinder. 

Secondly, the steam and air turbine. This approaches to a 
steam turbine in which the burnt products of combustion are 
expanded through the turbine together with the steam. The 
heat here is absorbed at constant pressure. 

Thirdly, the explosion turbine. This is evolved from the 
gas engine of the Otto (or Lenoir) type, heat being taken in 
at constant volume and rejected at constant pressure. The 
Karavodine type of gas turbine, in which the heat is absorbed 
at a state varying between that of constant volume and con- 
stant pressure, is also here included. 

The further consideration of the gas turbine will be treated 
under such classification, viz., the constant -pressure single-fluid 
gas turbine, or '' gas " turbine ; the constant -pressure mixed - 
fluid turbine, or " steam and gas turbine " ; and the constant- 
volume gas turbine, or *' explosion " turbine. 

The cycles so far considered admit only of adiabiatic expan- 
sion in the turbine ; it is possible, of course, to conceive a 
turbine unit working with isothermal expansion, by a judicious 
system of heating. No such scheme is capable of being 
carried out in practice owing to the difficulty of getting heat 
through metal walls to act upon so bad a heat -conductor as air. 
But such systems are interesting, as, with isothermal expansion, 
it is possible to construct a gas turbine working on the Camot 

cycle. The efficiency would then, of course, be -^-7^ — - ; such 

J-i 

cycles will be discussed more fully at the end of the succeeding 
chapter. 



CHAPTER II. THE CONSTANT-PRESSURE, SINGLE- 
FLUID GAS TURBINE 

All the gas turbines of this class are composed of four 
essentia] units : the furnace, or heat source ; the turbine, 
performing the positive work of the system ; the pump, 
performing the negative work of the system ; and the cooler, 
or heat-sump. The cooler may be used in a partially regenera- 
tive fashion, the supply of fluid to the furnace, abstracting a 
certain quantity of heat from the exhaust from the turbine. 
In two particular types of turbines of this class the heat-sump 
is simply the atmosphere. The absolute heat efficiency of such 
a cycle is, as already stated, given by the general formula — 

H - A - A' 

v= H 

where H is the heat entering the cycle, h the heat rejected in 
the cooler, and h' the heat rejected in the pump if isothermal 
compression is used ; with adiabatic compression h/, of course, 
becomes zero. 

Before considering the question of efficiency any further it 
may as well be made quite clear as to the exact manner in 
which that term is to be used, and how it is to be qualified. 
Perhaps more misunderstanding has come about over the 
misinterpretation of the word *' efficiency," or the words 
'' thermal efficiency," than upon any other matter of pure 
definition in any branch of science. A case, very much in 
point, was the general misinterpretation by the technical press 
of the (somewhat involved) statements made by Herr Holzwarth 
as to the efficiency obtained in his explosion turbine. In the 
ensuing pages the following are the ways in which the term 
'' efficiency " will be used : — 

THERMAL EFFICIENCY. 

By " thermal efficiency " is meant the ratio of the quantity 
of heat available for work to the total quantity of heat put 
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into the system ; this value only includes those losses that are 
inherent in the cycle used and consequent upon the temperatures 
between which the cycle operates. 

This ratio is denoted by the symbol ''»?." 

THERMODYNAMIC EFFICIENCY. 

By '* thermodynamic efficiency " is meant the ratio of the 
quantity of heat appearing as work done on the engine shaft 
to the quantity of heat available for work on the engine shaft. 
When apphed to the turbine it represents the ratio of heat 
appearing as work done on the turbine shaft to the quantity of 
heat available for work on the turbine shaft. When applied 
to the pump, it represents the ratio of the quantity of heat 
appearing as work done by the pump in isothermal compression 
or exhaustion) to the quantity of heat expended in the form 
of work done on the pump by the engine or turbine driving it. 
These ratios are denoted by the symbols '' e," " €<," " c*'," as 
apphed to heat engine, turbine, or pump respectively. 

OVERALL EFFICIENCY. 

By *' overall efficiency " is meant the ratio of the quantity of 
heat appearing as available, external work on the turbine shaft, 
or work done on the driven unit by the turbine driving unit, 
to the quantity of heat entering the furnace or heat source ; it 
being assumed that no thermal losses occur in the ** furnace," 
or during the translation of heat energy to kinetic energy in 
the nozzle or nozzles provided for that purpose, and, also, that 
no heat exchange takes place between the working fluid and 
the walls of the vessels through which it passes (exclusive of the 
heat exchange in the cooler and regenerator), and that there are 
no radiation losses throughout the system. This value includes 
the loss coincident upon the difference in temperature between 
the inner and outer walls of the regenerator necessary for the 
flow of heat through them, and similar losses with externally- 
fired furnaces. 

Tliis ratio is denoted by the symbol '' E." 

FUEL ECONOMY. 

By ** fuel economy " is meant the ratio ot the work appearing 
on the turbine shaft, available for external use, in brake hora^' 
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power per unit of time, or the work done on the driven unit 
by the driving unit in brake horse-power per unit of time, to 
the actual weight of coal (or coke, peat, wood, oil, etc.) supplied 
to the gas producer (or combustion chamber, furnace, burner, 
atomiser, etc.) per unit of time. This value includes all losses 
between the ** furnace doors " and the turbine shaft. The 
ratio is expressed in lbs. of coal (or coke, peat, wood, oil, etc.) 
per brake horse-power per hour. 

The ratio is denoted by the symbol '' FE." 

The word " efficiency," when used alone, is to be interpreted 
" thermal efficiency " (" ^ "). The use of the words 
'' mechanical efficiency " has been thought to be possible of 
misconception ; it has been avoided as far as possible. In 
cases where it has been used (i.e., the *' mechanical efficiency " 
of a turbine blade, etc.) the meaning is not open to 
misconstruction . 

All constant -pressure gas turbines operate on one of two 
cycles, according as the working fluid is compressed isothermally 
or adiabatically upon its exit from the turbine. The fluid, at 
temperature To, pressure pi, and volume v, takes in heat at con- 
stant pressure until the condition Ti^i^i is reached. The gas is 
then expanded adiabatically through the turbine until the 
temperature drops to T2 ; the pressure being ^2, and the 
volume ^2. The gas is then cooled in the cooler until the 
temperature reaches a value To, the pressure ^2, and the volume 
Vs. The gas is then compressed isothermally until the pressure 
becomes j)i, and the volume v. 

If the compression is adiabatic the system takes in heat at 
constant pressure from a condition of the working fluid T^piV, 
to a condition Ti^i^i. Adiabatic expansion occurs to a tempe- 
rature T2, the pressure being ^2 and the volume v^. Heat is 
rejected to the cooler from Il^V^v^ to TqJ)^v^. The fluid is then 
compressed adiabatically until the pressure equals pi, the 
temperature being T3, and the volume v. 

In dealing with the question of the efficiency of the constant - 
pressure single -fluid gas turbine, the thermodynamic efficiency 
of the turbine and of the pump employed to compress the 
fluid to its original pressure is a matter of the greatest instancy 
to the economy of the plant. With the steam turbine, and all 
heat engines in which there is no " negative work," the overall 
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efficiency of the whole machine is simply the multiple of the 
thermal efficiency of the cycle used and the thermodynamic 
efficiency of the turbine or engine. Or — 

E = 7; . e. 

In heat engines, however, in which the negative work bears 
anything approaching a noticeable proportion of the total work, 
the formula — 

E = r; . e 

no longer holds. 

Suppose, for example, that the thermodynamic efficiency of 
the turbine is the same as that of the pump and equal to a 
value " e." Let E2 equal the overall efficiency of the machine, 
and let rj equal the thermal efficiency of the cycle. Let x be 
the work done by the turbine (in heat units) and y the work 
done by the pump (in heat units), and H the quantity of heat 
entering the furnace. Then — 

and, as calculated for a steam turbine — 

El = 7/ . e = e -^ 
but, with the gas turbine, however, this becomes — 

for the negative work done on the pump increases while the 
positive work done by the turbine decreases. 

Fig. 9 is a diagram showing the change in the value of the 
overall efficiency with the change in the value of the thermo- 
dynamic efficiency — this efficiency being assumed to be the 
same in the pump as in the turbine. Arbitrary values are 
taken of 3, 1, and 4, for x, y, and H, which give a value of -5 
for 7f, the thermal efficiency of the hypothetical system. The 
graph oa is drawn to the equation — 

X — y 
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■ 

on the steam engine basis, and the curve ab to the equa- 
tion — 

__ ca; — yje 



Ea 



H 



for the gas turbine. 

With gas turbines of this type, however, it is always more 
efficient in practice to complete the cycle with isothermal 
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Fig. 9. — ^Diagram showing Change in Value of Overall Efficiency 
with Change in Thermodynamic Efficiency. 

compression instead of with adiabatic compression, as in the 
Diesel engine. The thermal efficiency of the cycle is, of course, 
more efficient if the compression is performed adiabatically in 
all cases where the compressed gases can be dehvered direct 
to the furnace, the heat of compression being all absorbed by 
the working fluid. The theoretical thermal efficiencies of the 
two systems can be compared as follows : — 

For a cycle using adiabatic compression the thermal efficiency 
is wholly independent of the temperature of the working fluid, 
being only dependent on the ratio of compression. The case 
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is exactly analogous to that of the Diesel oil engine, and the 
thermal efficiency, 7]^, is given by the equation — 

where r = ratio of compression. 

In the case of isothermal compression the efficiency is worked 
out as follows : — 

Let W be the work done by the turbine per lb. of fluid and 
let (o be the corresponding work done by the pump. Then the 
thermal efficiency, r/f, 

where Oi is the temperature of the working fluid before expan- 
sion, and 00 the lowest temperature of the cycle. Then — 

_ C|> (Oi — ^2) — VqPoIJ' (loge r) 

where vopo is the state of the gas before compression. 

^ C, (01 - 02) - C, 00 log, r^ 
Cp {01 — ^0) 

^ ffi (1 - 1/rV) - 00 loge r-y^ 

0\ — 00 

__ 0\{r Y — 1) — gp loger Y 
r(0x- 0o) 

It is thus seen that the efficiency in this case is dependent not 
only on the ratio of compression but also on the initial and 
final temperatures of the working fluid. The efficiency in this 
case only approaches the value of that obtained in the adiabati- 
cally compressed cycle when the ratio of 0i to 0o becomes very 
great. In the above equation, when 0q is zero (or when 0\ is 
infinitely great), it will be seen that r;, = r]„. 

Though there is this advantage in thermal efficiency of the 
adiabatic compression over the isothermal, the latter is more 
advantageous when the question of thermodynamic losses is 
taken into account. Assume, in a given case, that the compres- 
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sion ratio r is 10, that di is 1,000° C, and that do is the atmo- 
spheric temperature, viz., 15° C, then — 

(7z=l-38> 
= •58 

while the efficiency with isothermal compression becomes — 

•ni = -50. 

There is a gain here of 8 per cent, in the adiabatic cycle on the 
purely theoretical count. There is, really, however, a nett 
loss on the overall efficiency owing to the increased thermo- 
dynamic losses of the pump. 

Assume the thermodynamic efficiency of the turbine to be 
70 per cent, and that of the pump to be 70 per cent. Then, if 
W is the work done by the turbine and a> is the work done by 
the pump, and H is the quantity of heat put into the furnace 
per lb. of working fluid — 

OveraU efficiency. E = W X 70 per cent^- a» /70 per cent. 

Consider the isothermal compression system. 
Work done by turbine — 



7 — 1 J. c/q \ / 



w 

7 
= 147 T.U. 

Work done on pump in isothermal compression — 

a>, = ^«log,rT.U. 

= 43 T.U. 
Heat put into working fluid — 

H^ = Cp (^1 — ^o) 
= 250 T.U. 

Therefore overall efficiency — 

■p, _ W X 70 per cent. ■— «> -7- 70 per cent, 

_ 103 — 61-5 

"■ 250 

= 16*6 per cent. 

G.T. c 
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Consider the iuliabatic system. 
Work done by turbine — 

W = 147 T.U. (ivs above). 

Work done on pump — 

CO, = ^^—-^ . _ . I^r Y - 1 j T.U. 
= 59 T.U. 

Heat put into working fluid — 

H,, = C, (d, - 0^) = 191 

where 6^ is the temperature after adiabatic compression in 

the pump = OoT y . 
Therefore overall efficiencv — 

Tj, __ W X 70 per cent. — w/lO percent. 
K-- jj 

_ 103 — 85 

" 191 

= 9*5 per cent. 

It will be thus seen that although the thermal efficiency of the 
system using adiabatic compression is 16 per cent, greater than 
the thermal efficiency in the case of the isothermal compression ; 
yet the overall efficiency is 57 per cent, greater in the latter case 
than in the former. 

The loss in this type of turbine due to the inefficiencies of 
the pump and turbine is shown graphically in Fig. 10. The 
diagram is a pressure -volume one, drawn for ten expansions 
through the turbine and an upper limit of temperature of 
879° C, representing a volume expansion of four in the com- 
bustion chamber. AB represents the original volume of the 
working fluid ; this is expanded in the furnace to the volume 
AE ; AE = 4AB. The curve EF represents the adiabatic 
expansion through the turbine, drawn to the equation — 
pyy == constant. DM is the volume after expansion at the 
pressure 2>2. The volume contracts to DL after cooUng in the 
cooler or condenser. The pump compresses the fluid back to 
the original pressure pi, isothermally along GB, or adiabatically 
along GH. 

The curve xm, which bounds the shaded area on the left- 
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hand side, shows the increase in the work done on the pump if 
the thermodynamic efficiency of the same is 70 per cent., the 
compression being isothermal, this work being now represented 
by the area AxmP. The curve yn bounding the darkened 
strip shows the loss in efficiency of the turbine, assuming the 
thermodynamic efficiency of the turbine to be the same as that 
of the pump. The work, then, done by the turbine is repre- 
sented by the area AynP. The area xynm, then, is the net 
work available for use on the turbine shaft. 

If the compression in the pump is adiabatic the work done 




Fig. 10.- 



> In efficiencies ii 



on the pump at 70 per cent, thermodynamic efficiency is 
represented by the area AsmP, the amount of work left over for 
external application after the turbine inefficiencies have been 
taken off being that represented by the blackened strip zynm. 

The necessity of isothermal compression in this class of 
turbine will thus easily be realised. Of course, in those cases 
in which the compressed fluid is not returned to the furnace, 
but is rejected to the atmosphere, there is not even any gain 
on the thermal count. 

Fig. 11 is a temperature -entropy diagram drawn for a gas 
turbine working on this cycle. The zero for entropy is taken 
at 0° C. The curve AB represents the change in entropy with 

c 2 
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Fig. 11. — **0*" Diagram for Siii^le-Fluid Constant-Pressure Gas 

Turbine. 

the rise in teinporaturo, heat being absorbed at constant 
pressure, drawn to the equation — 

i> = C, log A 

<70 
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X 

Oil the supposition that the specific heat does not cliange with 
the temperature (vide Chapter VI.). Verticals, such as BF, 
represent adiabatic expansion ; the curve FH, heat rejection 
at constant pressure ; the horizontal HA, isothermal compres- 
sion ; or the vertical HT, adiabatic compression. 

For adiabatic compression the total heat put in is repre- 
sented by the area underlying the curve TB, and the available 
work by the area TBFH. The area ATME is a measure of the 
work done on the pump in adiabatic compression ; the area 
HFDM, that of the heat rejected to the heat-sump. 

With isothermal compression the area underlying the curve 
AB is the measure of the heat put into the working fluid ; 
the area ABFH, that of the available work ; and the area 
AHFDE, that of the total heat rejected in pump and cooler ; 
the area AKLE being the measure of the work done on the 
pump in isothermal compression. Further reference, of a 
quantitative nature, will be made to this diagram later, when 
the various types of constant -pressure gas turbines are being 
discussed. 

Gas turbines working with a single fluid and taking in heat 
to the working fluid under constant pressure are broadly 
divisible into two classes. Those that are fired externally 
and those that are fired internally. Those, that is to say, in 
which a quantity of air (or other gas) is heated by passing 
through a number of tubes, heated by the external combustion 
of fuel, and those in which the fuel is burned with its requisite 
amount of air or oxygen, and the products of combustion 
expanded through the turbine. 

THE EXTERNALLY-FIRED CONSTANT-PRESSURE GAS 

TURBINE. 

The externally-fired type of gas turbine is the most elemental 
form in which the gas turbine (or, rather, the constant-pressure 
gas turbine) is capable of conception. From the purely 
practical point of view the system of external firing is wholly 
out of the question, as the difficulty of getting heat through 
metal walls to raise the temperature of so bad a conductor 
as air is enormous. They are interesting, however, from the 
theoretical point of view, as the starting-point from which 
all other constant-pressure gas turbines may be said to have 
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been evolved. The system consists essentially of a heater of 
the tube or locomotive -boiler variety ; a turbine, through 
which the working fluid expands and does work after receiving 
heat in the furnace ; a cooler in which heat is abstracted from 
the fluid before it passes into the pump ; and a pump in which 
the fluid is compressed isothermally to the initial pressure. 
In one class the cooler is dispensed with, the fluid being 
delivered after expansion into the atmosphere. The cooler 
may also be partly (theoretically it may be wholly) regenerative. 
The cycle may be *' closed " or it may be '' open " ; that is 
to say ,• the same working fluid may be used repeatedly, or the 
turbine may exhaust into the atmosphere and the pump 
compress from the atmosphere, or the turbine take from the 
atmosphere and the pump compress to the atmosphere. 

EXTERNAL FIRING : CLOSED CYCLE TYPE. 

This type is shown in Fig. 12. F is the furnace, through 
which the working fluid receives heat on its way from the 
pump P to the turbine T ; R is the regenerator ; C is the cooler, 
in which heat is abstracted from the working fluid on its way 
from the turbine to the pump. With adiabatic compression 
in the pump the thermal efficiency of the cycle — 

r] = 1 — l/ry - K 

The system, however, is quite impracticable, owing to the 
impossibiUty of getting sufficient heat into the air through the 
tubes of the furnace with burning out the tubes in question. 
The state of things can be best seen by taking an actual 
example. 

Let it be assumed that the tubes can be made to stand as 
high a temperature as 500° C. This is a sufficiently favourable 
assumption. Let the temperature difference necessary to 
convey the heat through the walls of the tubes be 100°. As 
a matter of tact, between air and air a figure very much greater 
than this is indicated. The temperature of the air entering 
the expanding nozzle is, then, 400° C. Let the working fluid be 
expanded down to the atmospheric temperature. In this case 
the cooler is unnecessary. Let the thermodynamic efficiency 
of the turbine be 80 per cent. It is reasonable to assume 
here an efficiency higher than that prevaiUng in ordinary 
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turbine practice, as velocities here are Binall and the fluid used 
is non-condensible. Let the pump thermodynamic efficiency 
be 70 per cent. : it is assumed that a rotary or turbine air 
pump is employed. A piston air pump would give a higher 
efficiency, but it would have to be driven from the turbine by 




Fig. 12. — Constant-Preaaure Gas Turbine. External Firing. 
Closed Cycle. Partial Regeneration. 



means of gearing, which would bring its efficiency down to the 
value quoted. 

Consider the work done in the turbine per lb. of air- 
Then— 



W = 



-1" 






lbs. 
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The work done on the pump— 

- = ^ Povo log ^^ 

= 57-80 T.U. 

Therefore thermal efficiency of cycle — 

_ 96-25 — 57-80 
"^ "" 96-25 + h 

where h = heat carried away per lb. of gas from furnace. 

At 100° diflEerence between inside and outside of tubes — 

A = Cp 100 = 25 T.U. 
96-25 - 57-80 ^^ 

. •. v = — i3r25 — ~ P®^ ^ 

With the thermodynamic efficiency of the turbine at 80 per 
cent., and that of the pump at 70 per cent., the work done by 
the turbine — 

W = 96-25 X 80 per cent. = 77 T.U. 

and the work done on the pump — 

o = 57-8 X 1/-7 = 83 T.U. 

Therefore the work done per lb. of air passing through the 
system by the gas turbine equals — 6 T.U. Or, in other words, 
some 8,000 ft.-lbs. will have to be exerted on the turbine per lb. 
of working fluid passing in order to get the machine to turn 
round at all. 

It is clear, therefore, that external firing is impossible in 
practice owing to the low temperature that it is possible to get 
into the working fluid. 

EXTERNAL FIRING : OPEN CYCLE. 

This tj'pe of gas turbine differs only from the preceding 
type in the fact that the same working fluid is not used con- 
tinuously in the system. Were it possible to produce an 
external-fired gas turbine that would admit of high temperatures 
being used, the closed cycle would have this advantage over the 
open cycle that the mean pressure of the air in the turbine 
could be purely arbitrary, and consequently a large quantity 
of work could be produced with the minimum of fluid present. 

The open cycle, however, while being equally impossible in 
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practice as the closed cycle, owing to the external firing, has 
ne\'erthelesa a peculiar advantage of its own over all other 
types of gas turbines. This is the ability to achieve complete 
regeneration. A turbine of this type is shown diagrammatically 
in Fig. 13. T is the turbine, F the furnace, and P the pump. 




Pig, 13. — Constaat. Pressure Gas Turbine. External Firing. 
Open Cycle. Complete Eegenetatiou. 

The expansion and compression take place entirely above the 
atmosphere. The air, after expansion in the turbine, is 
delivered to the furnace and burnt with the addition of fuel. 
Consequently all the heat that is in the exhaust from the 
turbine is recovered in the furnace. The thermal efficiency of 
the system is, therefore, 100 per cent. As, however, it suffers 
from exactly the same practical defects as the closed cycle 
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type, tile highest practical overall efficiency is ft minus quantity, 
being represented by about 8,000 ft.-lbs. per lb. of air passing 
through the turbine, to be applied externally to turn the 
machine round. 

Fig. 14 shows a similar arrangement to that in Fig. 13, but 
with the expansion of the gas wholly below the atmosphere. 




■ I yrf4 




Pig. 14. — Constant -Pressure Gas Turbine, External Firing. 
Open Cycle. Sub- atmospheric. 

In tliis case only partial regeneration is possible. The figure is 
sufficiently explanatory. The thick Une shows the course of 
the working fluid, the thin line the course of the externally 
appUed heating agftnt. This convention is kept throughout the 
chapter. 

AH the gas turbines dealt with so far are of theoretical 
interest only. External heating is wholly impracticable ; but 
it may be borne in mind that one type in this class of turbine 
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presents the highest thermal efficiency that it is possible to 
obtain in any heat engine, viz., a ratio of 100 per cent, between 
the heat put into the system and the work available from the 
cycle. 

It may not, perhaps, be altogether out of place here to lodge 
something in the nature of a protest against the manner in 
which the thermal efficiency of a cycle is occasionaUy repre- 
sented. It is not uncommon to find two cycles compared 
together on the grounds of thermal efficiency. This comparison 
is often not only inaccurate, but positively fallacious, and may 
have no value as an index to the relative value of the two 
systems. That a system has a higher thermal efficiency than 
another system is no indication whatsoever that the overall 
efficiency of the former is greater, or even likely to be greater, 
than the latter. For example, the thermal efficiency of the 
gas turbine of the type shown in Fig. 13 is, as above stated, 
100 per cent. The thermal efficiency of a steam engine 
working between 150 lbs. and 2 lbs. absolute without superheat, 
is approximately 27 per cent. If the thermodynamic efficiency 
(or " ratio efficiency ") of the steam engine be 70 per cent., then 
the overall efficiency of the engine is 27 per cent, x 70 per cent., 
viz., 19 per cent. If the thermodynamic efficiencies of the 
turbine and pump in the gas turbine above alluded to are 
70 per cent., though the thermal efficiency is more than three 
times that of the steam engine, the overall efficiency falls below 
zero. It can truly be said that in any given cycle, if the thermal 
efficiency is raised (the thermodynamic efficiencies being 
constant), then the overall efficiency is raised. It cannot truly 
be said that if in any one cycle the thermal efficiency is greater 
than in any one other, then (the thermodynamic efficiencies 
being equal) the overall efficiency in the former is greater than 
the overall efficiency in the latter. To argue in favour of any 
cycle on the grounds of " high thermal efficiency " alone is 
precisely in the same category as recommending a workman on 
the grounds " that he can use his tools skilfully when he can 
he got to work ! " The main question is '* Can he be made to 
work ? " As the output is the only matter of any moment to 
anybody, it is better to have a second-class workman who will 
work, than a first-class workman who will not. Such obvious 
truisms as these would not be reiterated were it not for the 
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obsession amongst not a fow scientists to regard thermal 
efficiency as a kind of cardinal virtue, wholly excellent in itself, 
and rather tending to ignore the fact that there is only one 
cardinal virtue in all questions of prime movers, and that is 
" The minimum expenditure of money far the maximum return 
of power.'* 



THE INTERNALLY-FIRED, CONSTANT-PRESSURE, 

SINGLE-FLUID TURBINE. 

A quantity of gas and air is burned in a suitable vessel and 
the heated products of combustion expanded through a turbine, 
a pump being used to maintain the necessary difference in 
pressure, and a cooler being employed to abstract the heat 
from the effluent gases of the turbine in the case of expansion 
below the atmosphere. 

In cases where the compression of the working fluid takes 
place wholly above the atmosphere there is no need for a cooler, 
the turbine simply exhausting into the atmosphere and the 
pump compressing from the atmosphere. An arrangement of 
this kind is shown in Fig. 15. The pump P compresses the 
air and deUvers it through the regenerator R to the furnace F, 
where it is burnt in conjunction mth the fuel. If the fuel is 
gaseous it has to be compressed first to the requisite pressure 
by a rotary pump (similar to P) not shown in the diagram ; 
if the fuel is a liquid (i.e., oil) it can more conveniently be 
compressed by a piston pump (also not shown in the diagram). 
The exhaust gases from the turbine T part with some of their 
heat in the regenerator R to the air going into the furnace. A 
partial regeneration is thus effected ; it is impossible to effect 
a complete regeneration owing to the temperature difference 
between the inner and outer walls of the regenerator tubes 
necessary to ensure the transfer of heat. 

Fig. 16 represents a similar type of turbine arranged for 
expansion wholly below the atmosphere. The fuel is burnt 
ia the furnace F at atmospheric temperature ; the products 
of combustion are expanded through the turbine T ; a part of 
the remaining heat that they still contain is abstracted by the 
entrant air in the regenerator R ; the remainder by water- 
cooling in the cooler or condenser C. The waste gases are 
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restored to the atmospheric pressure (isothermally) by the 
pump P. 

Theoretically, of coxirse, the presence of the water cooler 
could be dispensed with, but in practice it is not possible to 
cool the gases sufficiently by air alone, and were further cooling 




Fia. 15. — Con Stan t-Preseure Gas Turbine. Internal Firing. 

Super-atmospheric. 

by water to be done away with, the work of the pump would bo 
unduly increased. Although the addition of the condenser 
of necessity comphcates the turbine, still the turbine in which 
the expansion takes place wholly below the atmosphere has 
the great advantage over that in which the expansion is above 
the atmosphere, owing to the fact that combustion can take 
place at the atmospheric pressure. Continuous burning under 
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super-atiiicmpheric prossures has always presented practical 
difficulties ; where it can be avoided it is advisable to do 
without it. Tbore is also a gain in the fact that all rotary 
pumps give a higher thermodynamic efficiency when the mean 
density of the fluid in which they operate is lower, owing 




Fig. 1 6. ^Constant- Pressure Gas Turbine. Internal Firing. 
Sub -at mo spheric . 

to the decrease of skin friction of the rotating parts, a factor 
that decreases with the density of the medium and which is a 
very considerable factor with high peripheral speeds {vide 
Chapter VII.). 

The theoretical efficiency of the cycle is the same in either 
case. The great advantage that the internal combustion 
turbine possesses over the external combustion turbine is in 
the capabihty of the use of very much higher temperatures in 
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the furnace. In the former case the furnace can be Uned with 
a refractory material and practically any temperature can be 
used. The temperature on the turbine blades is not the 
temperature in the furnace before expansion, as the expansion 
in the expanding nozzle is adiabatic and accompanied by the 
corresponding drop in temperature. 

There are only two factors that determine (on the theoretical 
count) the maximum temperature that it is possible to employ 
in^he combustion chamber. These two factors are: — 

(1) The maximum temperature that is permissible upon the 
turbine blades. 

(2) The maximum peripheral velocity that it is possible to 
give to the turbine wheel. 

The j&rst settles the temperature of the working fluid after 
expansion through the first nozzle. Let this maximum 
permissible temperature be 600° C. It now remains to fix the 
upper limit of temperature of the cycle by the amount of 
energy that can be effectively absorbed by the first turbine 
wheel. 

De Laval turbines have been run with peripheral velocities 
approaching 1,400 feet per second. This is, however, pheno- 
menal, and may be ruled out of court ; it is only appUcable to 
geared turbines. Stumph turbines have been built to run at 
peripheral speeds as high as 1,200 feet per second, but this again 
errs on the side of excessive speed. For gas turbines (in which 
much higher temperatures are dealt with than in steam turbine 
practice) the maximum limit of peripheral velocity may be 
taken at 1,000 feet per second. 

If a " double wheel," that is, a wheel with two rings of blades, 
as used in the Curtis turbine, be employed, the ratio of the 
speed of the blades to the velocity of the impinging gas may 
be taken as 1 to 6. This is the usual factor in steam turbine 
practice for wheels of this nature. The velocity, therefore, of 
the working fluid will be 6,000 feet per second. 

Now the work done per lb. of working fluid, that is, the 
amount of work that this velocity represents — 

W = ^ = 277 T.U. 
2gJ 

where g is the acceleration of gravity and J is the mechanical 
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equivalent of heat, and v = the velocity of the gas = 6,000 
ft. /sec. 

Now W, the work done in the first expansion, also equals — 

(JLf^ (.. - «,, = 277 T.U. 

Taking 7 to be 1-38 for the products of combustion, and 
filling in the values of the other constants, we get — 

277 

6i — U2 = "TT" T. TJ. 

(Cp = -25) 
^1 - ^2 = 1108°. 

Now O2 = 773° A. Therefore the upper Umit of temperature, 
01, equals 1881° A, or 1,608° C. 

We are now in a position to ascertain the maximum efficiency 
that a turbine of this class can be expected to give. It may 
first be seen how many expansions this drop in temperature 
of 1,108° represents. The work done in this expansion — 

W = Cp^2(r^-l) 
Therefore 

^1 — ^2 = ^2(rV — 1). 

This gives r, the expansion ratio, equal to 2 5* 2. 

As a matter of fact, no turbine compressors have ever been 
made to pump to so high a compression as this ; the number 
of elements required (at reasonable peripheral speeds) would 
be excessive. The matter need not be gone into here, it will be 
considered fully when the question of the pump is dealt with 
in Chapter VII. 

If reference is made to Fig. 11, p. 20, the temperature - 
entropy diagram for this expansion will be seen. AB represents 
the reception of heat by the gas at constant pressure to the 
temperature of 1881° A, at B ; BF represents the adiabatic 
expansion to the temperature 773° A ; FH, the rejection of 
heat at constant pressure ; and KA, the isothermal compression 
of the fluid to the original pressure. The thermal efficiency of 
the cycle is then represented by the area ABFH over the area 
ABDE. 

The thermal efficiency of the cycle is found as follows : — 
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The work done by the turbine — 

= 277 T.U. (as above). 
The work done on the pump (isothermal compression) — 



a) = ^loger 



J 

(r = 26-2) 
= 60-4 T.U. 

Heat put in to working fluid per lb. of same — • 

H = C^ (^1 ~ ^o) 
= 398-25 T.U. 

Then the thermal efficiency of the cycle — 

W -w 

= 64-4 per cent. 

Here, however, no account has been taken of regeneration. 

Assume that the temperature diflFerence necessary to convey 
the heat through the walls of the tubes of the regenerator to 
be 200° C. This is here assumed at a more probable value 
than the rather sanguine figure assumed earUer in this chapter 
as regards the externally-fired gas turbine. 

Then the heat rejected in the exhaust from the turbine is — 

h = Cp (200) = 50 T.U. 

Therefore total heat put into system equals — 

W + A = 327 T.U. 
Then thermal efficiency — 

W-w 216-6 ^^^ . 

^ = w+h = w- = ''•' P^^ ^^^^- 

Let the thermodynamic efficiency of the turbine be 70 per 
cent, and that of the pump be 70 per cent. ; then the overall 
efficiency — 

p __ W X 70 per cent. — a)/70 pe r cent. 

= 36 per cent. 

It will thus be seen that it is possible to get an overall 
a.T. i> 
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efficiency higher than that obtained even with the Diesel oil 
engine. 

The above is the highest overall efficiency obtainable in a 
single -fluid gas turbine, taking in heat at constant pressure, 
within the limits of temperature, pressure, speed, and thermo- 
dynamic efficiency that can be admitted upon the most 
favourable survey of contemporary practice in cognate cases. 
It has been thought advisable to devote a special chapter to 
the analysis of these practical limitations, as the whole problem 
of the gas turbine may be said to reside wholly in this matter. 
The reader is referred to Chapter VIII., where the question 
of peripheral speed, blade temperature, thermodynamic 
efficiencies, compression ratios, limits of regeneration, etc., 
are discussed in detail ; for the reasons of assigning the limits 
that have been adopted in the foregoing calculation of efficiency, 
this chapter, with those on the rotary pump and accessories, 
must be consulted. 

The above state of affairs is, as has been already stated, 
of the most favourable kind. It would be not uninteresting to 
work out the overall efficiency of the above cycle under a 
condition of practical limitations more consonant with common 
practice. 

Let the lower limit of temperature (that is, the temperature 
on the turbine blades) be, as before, 500° C. Let the peripheral 
speed of the turbine rotor be 700 ft. /sec. ; a value more 
approaching ordinary turbine practice than that of 1,000 ft./sec. 
There is some loss in actual expanding nozzles owing to the 
friction of the expanding fluid against the walls of the nozzle. 
Let the nozzle efficiency be 90 per cent. This will mean that 
the working fluid becomes '' super -heated," and does not drop 
to the full Umit of the temperature drop as ascertained by the 
calculation from the kinetic energy equation. Let the ratio 
of the speed of the blade to the speed of the fluid be, as before 
(a " double " wheel being used), 1 to 6. Then the velocity of 
the gas is 3,500 feet per second, and W the work done, equals — 

— — TU 
2gJ ■^•^• 

= 136 T.U. 

Now 

W = -26 (^1 — ^2). 
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Therefore the theoretical temperature drop is 644°. Actual 
temperature drop at 90 per cent, nozzle efficiency is 490°. 
Also 

therefore r = 6*9 (approximately). 

The work done in isothermal compression on the pump — 

<*> = PoVo loge 6-9 

= 36 T.U. (approximately). 

Let 200° difference be required (as before) in regenerator ; then 
heat put into system — 

H = 136 + 50 = 186 T.U. 

Therefore the thermal efficiency — 

W — w; 
7] = wj I i = ^^'^ P®^ cent. 

If the thermodynamic efficiency of the pump and turbine each 
equal 70 per cent., then the overall efficiency — 

E = 23-6 per cent. * 

It will thus be seen that under what may be considered as 
normal conditions of temperature and peripheral velocity, the 
overall efficiency of a gas turbine of this class exceeds that of 
the steam turbine, approaches that of the gas engine, and falls 
short of the Diesel oil engine by some 10 per cent. 

It is plain that a turbine of the foregoing kind may be made 
to expand the working fluid both above and below the atmo- 
spheric pressure ; the peculiar advantage thus afforded being 
that of increased range of pressure without increasing the mean 
density of the fluid. Thus with a maximum pressure of 
60 lbs. absolute and a minimum pressure of 3 lbs. absolute, an 
expansion ratio of 20 is secured. If the final pressure were that 
of the atmosphere, the initial pressure would have to be 300 lbs. 
to attain the same number of expansions. 

A turbine system of this nature in which the expansion is 
both sub- and super- atmospheric is showA diagrammatically in 
Fig. 17. 

The compression pump Pi delivers ^ir through the re- 
generator R, at some pressure above that of the atmosphere, 
into the furnace F ; it is here burnt in conj unction with the 

D 2 
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necessary quantity of fuel {compressed to the requisite pressure 
by a separate pump, not shown in the diagram) and the products 
of combustion deHvered to the turbine T, where they are 
adiabatically expanded to the lower limit of pressure. They 




Internal Firing. 



then pass into the regenerator R, where they part with a portion 
of their heat to the air feeding the furnace ; the remainder of 
the heat is then abstracted by the water in the cooler C, and 
the gas is then compressed by the pump Pa to the atmospheric 
pressure, and dehvered into the atmosphere. 
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This is the first type ot gag turbine yet considered that can 
be considered in any sense as a practical machine — that can be 
looked to by any manner of means as a competitor in the future 
to other heat engines. As has ah^ady been seen, the overall 
efficiency is only dependent on the limits of temperature, apeedi 




Fig. IS.^Effioieney-Temperature Diagram for Con Btant- Pressure, 

Single-Fluid, Internally Fired Gas Turbine. 

and thermodjTiamic efficiency of the turbine and of the pump, 
which are constants fixed by practice. Any advance made in 
the durability of the steel used to make the blades or turbine 
rotor ; any decrease in the losses inherent in the turbine or 
pump ; allow of an increase in economy, whether by increase 
in initial temperature or otherwise. The increase of the 
overall efficiency with the rise in initial temperature is shown 
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Fig. 19.— "PV" Diagram for 
Caraot Cycle. 



in Fig. 18. The diagram shows the variation of overall 
efficiency with temperature ; the former as ordinates, the 
latter as abscissae. Graphs are drawn for varying values of 

thermodynamic pump and tur- 
bine efficiency. The shaded 
areas represent the loci of effici- 
encies for the steam engine, the 
gas engine, and the Diesel. 

The vertical shaded Une 
represents the practical limit 
of initial temperature — about 
1,300° C. The dotted area 
represents the locus of efficien- 
cies for the gas turbine likely to 
be obtained in practice. 

The sudden change in the 
slope of the curves at the ver- 
tical dotted line is caused by 
the fact that to the right of 
this temperature value, regeneration is calculated for ; below 
this temperature, regeneration is not practically possible and 
is neglected. All the efficiency curves are drawn for twenty 
compressions in the pump. 

These are the possible types 
of single-fluid gas turbines 
which take in heat at constant 
pressure. In all cases, the gas 
undergoes adiabatic expansion 
in the turbine. It is possible 
to conceive a turbine in which, 
by a judicious system of inter- 
heating between the elements, 
a state of affairs approximat- 
ing to isothermal expansion 
may be realised. This condi- 
tion is possible of conception ; 
it is not possible of fulfilment, 
but cycles of this nature may be glanced at briefly. They are 
of some theoretic interest as comprising the '' ideal heat engine." 
Two cycles are to be considered : the Carnot cycle and the 



Fig. 20.— "e*" Diagram for 
Carnot Cycle. 
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Ericsson cycle. Neither of the cycles, of course, come into 
the category of taking in heat at constant pressure, though the 
latter does so (from the regenerator — or elsewhere) partially. 



THE CARNOT CYCLE. 

This well-known cycle consists of four operations : isothermal 
expansion ; adiabatic expansion ; isothermal compression ; and 
adiabatic compression. The pressure-volume diagram for the 
cycle is shown in Fig. 19. oft represents the isothermal expan- 
sion ; he the adiabatic expansion ; cd the isothermal compres- 
sion ; and da the adiabatic compression back to the initial 
conditions of temperature, pressure, and volume. 

The entropy-temperature diagram for this cycle, of c 
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Fig. 21. — Diagrammatic Bepreeentallon of Carnot Gas Turbine. 

is represented by a rectangle, as shown in Fig. 20, The 
general arrangement of such a turbine is shown in Fig. 21. 
A is a turbine in which a condition approximating to that of 
isothermal expansion is approached by a system of reheating 
between the elements. Proposals of this nature have from 
time to time been made. A scheme for reheating with steam 
turbines, so as to secure isothermal instead of adiabatic expan- 
sion through the turbine, has been worked out in detail by 
Ferranti {vide Patent No. 24,781, 1902). After the working 
fluid has been expanded isothermally through A, it enters the 
turbine B, where it undergoes adiabatic expansion. Isothermal 
compression is effected by the rotary pump C, inter-cooling 
being achieved in the usual manner between the elements of 
the pump. Finally, the fluid is compressed adiabatically by 
the pump D, and delivered to the turbine A, It will be noticed 
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that the cycle is a closed one, the same working fluid being 
used over and over again. The thermal efficiency is, of 
course — 

^1 — O2 

ex ' 

where Oi is the temperature at which heat is absorbed, and 

$2 is that at which heat is 
rejected. The system suffers 
precisely the same disadvan- 
tages as a practical machine 
as any externally-heated gas 
turbine, the initial tempera- 
ture being Umited to some 
500° C. Placing the lower 
Umit of temperature at that 




Fig. 22.—" PV " Diagram for 
Ericsson Cycle. 



of the atmosphere, this gives a thermal efficiency of — 

773 — 288 



773 



= -615. 



In actual practice the thermodynamic inefficiencies of turbine 
and pump would render the system abortive. 

THE ERICSSON CYCLE. 

This is the thermodynamic cycle adopted in the Ericsson air 
engine. It is similar to the StirUng cycle, except that heat 
is added and abstracted from 
the fluid at constant pressure 
instead of at constant volume. 
The pressure-volume diagram 
for the cycle is shown in Fig. 22. 
Heat is taken in at constant 
pressure along the line ab ; iso- 
thermal expansion occurs along 
the curve be ; heat is rejected 
along cdy at constant pressure ; 
isothermal compression takes 
place from d back to a. Fig. 23 is an entropy-temperature 
diagram for the same cycle ; it is made up of two Hnes of 
heat-absorption at constant pressure, and two isothermals. 

The general arrangement of such a turbine is shown in Fig. 24. 




Fig. 23.— "e*" Diagram for 
Ericsson Cycle. 
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A represents the turbine, working isothermally by inter- 
elemental heating ; B, the isothermal compression pump. 
C is the heat-sump ; this may be partially regenerative. 

If complete regeneration were to be secured the efficiency of 
this cycle becomes the same as that of the ideal heat engine. 



The same objections apply to this system as to the foregoing : 




Pig. 2 4. ^Diagrammatic RepreBcatation of Ericsson Gas Turbine. 

isothermal expansion, indeed, is not a condition practically 
attainable with gas turbines. 

It may be noted that in this cycle, unlike the foregoing one, 
the cycle is " open," a fresh supply of working fluid entering 
the furnace continually. 



CHAPTER III. MIXED-FLUID TURBINES 

So far, only those gas turbines using one fluid for the expan- 
sible medium have been considered. Constant -pressure gas 
turbines, however, have been made in which the working fluid 
consists of a mixture of the products of combustion from gas 
(or oil) and air, together with steam, produced by the injection 
of water into, or circulation around, the combustion chamber. 
The experimental turbine of Armengaud and Lemale worked 
(or failed to work) on this plan. Turbines of this type would 
seem to give a better chance of economy comparable with 
other prime movers than any other form of gas turbine, working 
within the present Umits of temperature under practical 
working conditions. A reservation must be made with respect 
to the gas explosion turbine — the gas turbine taking in heat 
at constant volume — which may or may not produce the 
high efficiencies which at present it does not seem inclined to 
do, and which has always been, and is still, the '' dark horse " 
of gas turbine research. The constant-volume gas turbine will 
be discussed fully later. The steam-and-gas turbine can be 
looked at from two points of view, according as to whether it is 
regarded as an evolution product of the steam turbine or of 
the constant-pressure gas turbine. It is, of course, possible 
to conceive a constant-volume gas turbine operating with more 
than one fluid, but such a system would have no advantage 
over the single-fluid explosion turbine, and a great many 
disadvantages over every other form of combustion turbine 
conceivable ; such need not be discussed here. The steam- 
and-gas turbine is essentially a constant-pressure turbine. It 
may be considered as evolved from the steam turbine, in the 
following way. 

In any steam turbine and boiler installation it is well known 
and much regretted that a very considerable portion of the 
heat of combustion is lost in the boiler. This loss seldom falls 
below 20 per cent., even on test, with the best boilers, and often 
exceeds 40 per cent, with boilers of inferior design, under 
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normal conditions of working. This is a very large loss, and 
from time to time proposals have been made to bum fuel under 
pressure and utilise the products of combustion and the steam 
in the engine cylinder, a piston pump being provided for 
maintaining the pressure of the air in the furnace. 

This is essentially what is done in the steam-and-gas turbine. 
It merely consists of a steam turbine in which the products of 
combustion used in raising the steam, instead of going into 
the flue, are used in the turbine, together with the steam, the 
air being removed by means of a rotary pump. This is one 
way of looking at the steam-and-gas turbine. It may, however, 
be regarded from a different standpoint. 

In a single-fluid gas turbine of the type that has been 
considered in the last chapter, the temperatures are apt to 
become too high for practical working, and water may be 
injected into the combustion chamber to reduce the temperature 
of the flame. In other words, the steam-and-gas turbine may 
be regarded as a constant-pressure gas turbine in which steam 
is used as a dilutant. The gradation from the single-fluid 
gas turbine, using steam as a dilutant to the mixed-fluid steam- 
and-gas turbine using the products of combustion from the 
boiler in the turbine with the steam, is simply one of quantity ; 
not one of kind. As a matter of fact, the mixed-fluid turbine 
is, within the practical Umit of temperature, more efficient 
than the single-fluid turbine, and the gas turbine using the 
maximum possible percentage of steam in the working fluid 
is more efficient than that using any less quantity of steam. 

This maximum quantity of steam, which can be used as a 
dilutant to the working fluid, is fixed by the initial temperature 
that is to be used in the combustion chamber. Suppose this 
temperature to be 1,000° C. One lb. of combustion mixture 
composed of Mond gas and air in the requisite proportions for 
complete combustion (approximately equal volumes) gives out 
on combustion 550 T.U. Let the mixture be initially at 
atmospheric temperature. If the specific heat at constant 
pressure, Cp, of the mixture be taken at '25, this would produce 
(theoretically) a temperature of 2,215° C. ; provided there 
was no dilution, no radiation losses and no change in specific 
heat with rise in temperature, all of which contingencies, 
however, take place in actual fact. 
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It is not desirable here to take into account these last two 
variable factors ; they will be dealt with in detail later. In the 
general consideration of the theory of the mixed-fluid constant- 
pressure turbine, the specific heats of the working fluids will 
be regarded as constant, and the combustion chamber will be 
considered to be so clothed with non-conducting material as to 
render any flow of heat to be reduced to a negligible quantity. 
It has been stated above that 1 lb. of combustion mixture of 
Mond gas and air gives out on combustion 550 T.U., and that 
the theoretical temperature produced would be 2,215° C, 
taking the specific heat of the combustion mixture to be '25. 
As it is impossible to use temperatures of this order in a gas 
turbine, it is necessary to reduce the temperature by dilution. 
Suppose the practical limit of temperature at the entry 
to the expanded nozzle be 1,000° C. {vide supra). In the 
single-fluid type of turbine considered in the last chapter the 
dilution was effected by the admission of excess of air. If x 
be the additional weight of air to be added to 1 lb. of combustion 

mixture, then — 

550 = 985 (-25 + '24x), 

the specific heat of air being taken at '24. This gives a value 
for X of 1-08 lbs. 

In the steam-and-gas turbine, however, this dilution has to 
be effected by the addition of steam only. Let the steam be at 
atmospheric pressure in the combustion chamber. Then the 
total heat of 1 lb. of steam, measured from 15° C, is 624 T.U. 
The super-heat to be added is — 

(1,000 — 100) -5 = 450 T.U. 

and the total heat required to raise 1 lb. of steam from atmo- 
spheric temperature to the required conditions is 1,074 T.U. 
If y is the quantity of dilutant steam to be added, then — 

550 = 985 X -25 + l,074y. 
Therefore 

y = -284 lbs. 

A much larger proportion of steam per lb. of combustion 
mixture may, in point of fact, be added without reducing the 
initial temperature of the working fluid, by means of regenera- 
tion. This matter will be considered fully when the question 
of regeneration is discussed. 
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It is, of course, obvious that any proportion of steam up to 
the limiting value may be mixed with the products of combus- 
tion, the excess dilution being effected by means of air ; it is 
also clear that the lower the initial temperature required the 
greater is the proportion of steam that may be introduced into 
the system. 

It may not unfairly be asked, " Why introduce steam as a 
dilutant in preference to air ? " Steam is admittedly an 
inferior working fluid to air on the count of thermal efficiency. 
The loss in the former owing to the latent heat of evaporation 
is very heavy and steam will only give 25 per cent, efficiency, 
when air alone under similar conditions will achieve a thermal 
efficiency of something of the order of 50 per cent. The 
advantage accruing from the introduction of steam into the 
system lies in the reduction of the negative work in proportion 
to the positive work ; in other words, the " thermodynamic 
efficiency " is considerably increased ; and, between the limits 
of temperature possible in actual practice, the thermodynamic 
efficiency of the system is increased so much more than the 
thermal efficiency of the cycle is decreased, that the balance 
in overall efficiency lies with the steam-and-air turbine and not 
with the single-fluid constant-pressure turbine. There are also 
certain practical advantages of a minor nature coincident to 
the use of steam. This gain in economy due to the addition 
of steam is only extant below a fixed temperature limit, and 
below a fixed value of the thermodynamic efficiencies of the 
turbine and pump. But these limiting values of temperature 
and efficiency are not accessible under the conditions of 
contemporary practice. 

Mixed-fluid turbines may be divided broadly into two classes : 
those in which the steam and air are actually mixed together 
and expanded through the same turbine ; and those in which 
the steam and air are not mixed, but expanded separately in 
separate turbines. So far, in the consideration of mixed-fluid 
turbines only those employing a working fluid composed of 
steam and air have been noticed. Proposals, however, have 
from time to time been made to combine gas turbines with 
units (regenerative or otherwise) using condensible fluids of 
low boiling point, such as sulphur dioxide or ammonia. Such 
schemes are of somewhat a chimerical nature, but they cannot 
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be passed over without mention. They will be considered 
subsequently. 

THE STEAM-AND-GAS TURBINE : MIXED WORKING 

FLUID. 

Turbines of this type, precisely as those of the single-fluid 
type, may have their range of expansion of the working fluid 
wholly above the atmospheric pressure, or wholly below that 
pressure, or partly above and partly below. From the thermal 
point of view it is irrelevant where the expansion occurs. 
The Armengaud and Lemale turbine (which approximated to 
the steam-and-air turbine, if it could not, indeed, actually 
be regarded as such) expanded down from 6 or 7 atmospheres 
to atmospheric pressure. Why this expansion was not carried 
out below the atmosphere instead of above it, the pump being 
used as an exhauster, is hard to understand. The only objec- 
tion to using a sub-atmospheric expansion range is the fact 
that the range is Umited to some eight or ten expansions ; but 
with the Armengaud and Lemale machine the pump used was 
not built for more than seven expansions at the outside. The 
advantages of working with an expansion range entirely below 
the atmosphere are very great. First, the difficulties attendant 
upon continuous combustion under pressure are eUminated. 
Secondly, the weight of the machine as a whole is considerably 
reduced, as the maximum pressure difference in the turbine 
under sub-atmospheric expansion cannot exceed 14 lbs. per 
square inch. Thirdly, the thermodynamic efficiency of the 
pump is raised, as the loss due to air friction is directly propor- 
tional to the density of the medium through which the pump 
rotor revolves ; as by working below the atmosphere the mean 
density of the medium would be reduced to one-seventh of 
that used working above the atmosphere, the friction losses 
would be one-seventh in the former case to what they would 
be in the latter. If more than ten expansions are required in 
the turbine, recourse must be made to super-atmospheric 
expansion ; if not, it is obvious that sub-atmospheric expansion 
is eminently to be preferred. 

The Armengaud-Lemale turbine working above the atmo- 
sphere will be considered later, when a review of the 
experimental work done in recent years on the gas turbine wiU 
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be examined. It is not very clear whether, in the Armengaud- 
Lemale experiments, the addition of steam to the working 
fluid was made in such quantity as to effect the efficiency of the 
machine and to bring about that increase in overall efficiency 
which the maximum steam dilution would warrant. It is 
doubtful, therefore, whether this turbine can be considered as 
a mixed-fluid turbine proper. It would seem that the experi- 
menters only used steam injection as a means of reducing 
temperature and not with any thought of a saving in fuel 
consumption. The constructional details of this turbine and 
an account of its performance are included in Chapter XI. 

THEORIES OF MIXED-FLUID EXPANSION. 

The question of expansion of more than one fluid through a 
nozzle, and the subsequent change of potential energy into 
kinetic energy, presents considerable difficulty to any satisfac- 
tory analysis. The chief difficulty arises from the fact that 
owing to the difference in value of the specific heats for steam 
and air, there is considerable difference in velocity between the 
two fluids if each undergoes a transformation of heat energy to 
kinetic energy over the same expansion ratio. If the steam 
and the air were expanded in separate nozzles and upon 
separate wheels, this difference in velocity would be of no 
account, as each wheel could run at the velocity of its own 
working fluid, and there would be no loss of kinetic energy. 
With the two gases, however, intimately mixed together, and 
expanded through the same turbine, two theories of the 
behaviour of the gases present themselves. 

I. — ^The Theory of Common Specific Heat. 

The mixture of the two gases may behave as though it were 
a single gas with a specific heat of such a value as to represent 
the proportional mean of the specific heats of the two gases of 
which the mixture is composed. The argument then follows, 
that the velocity produced would be such as to give in kinetic 
energy the same value as that given by the sum of the kinetic 
energies of the two fluids expanded separately, with the 
corollary that after expansion the internal energy of the mixed 
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fluids would be the same as the internal energy of the two 
fluids expanded separately. 

The theory resolves itself into this : If the two fluids be 
in the proportion (by weight) of mi to m^, and the velocities 
of the fluids expanded separately be respectively Vi and v^, 
and the common velocity of the fluid when mixed be v, then — 

niiVi^ + miV2^ = (mi + ^) v*. 

In this case there is no loss of kinetic energy. 

There is, however, no evidence to support the theory that the 
mixed gases behave in this manner, and any such behaviour 
would tend to conflict with Dalton's Law of partial pressures. 

XL — The Theory of Molecular Momentum. 

Suppose the two gases of the mixture to behave indepen- 
dently of one another, in accordance with Dalton's Law. Then 






Fig. 25. — Diagram Illustrating Theory of Molecular Momentum. 

with the change from heat energy to kinetic energy, each 
separate molecule starts off with the velocity due to the heat 
drop of the gas of which it is a constituent part. Let the 
molecules of one gas be travelling with a velocity Vi and the 
molecules of the other gas with a velocity V2. Let the mass of 
the molecules be Mi and M2 respectively. The gases are 
intimately mixed. The molecules of one gas are travelling 
at a different velocity to those of the other gas. The faster 
moving molecules, therefore, collide with those that are moving 
at a lesser velocity. Consider two molecules only (Fig. 25). 
Let the velocity Vi be greater than the velocity V2, and let the 
molecule of mass Mi with the velocity Vi approach molecule Ma, 
which is travelling with the velocity V2, both molecules 
travelling in the same direction. After impact has occurred 
the two molecules of combined mass (Mi + M2) may be con- 
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eidered to travel together with a velocity equal to V. Then we 
have — 

MiVi + M2V2 = (Ml + Ma) V. 

It is clear that the values for Mi and M2 must be taken in the 
proportion by weight that the two fluids bear to each other. 
It will be seen here that there may be a considerable loss of 
kinetic energy. 

The total kinetic energy of the two gases before mixing would 
be- 

J Ml Vi^ + i MaVa^ 

the total energy of the gases after mixing has occurred would 
be- 

i (Ml + M2) V» 

but — 

_ MiVi + MaVa 
^ ■" Ml + Ma 

therefore total energy of mixed fluid is — 



i (MiVi + MaVa)^ 
Ml + Ma 

If the ratio of Vi to Va is large the loss in kinetic energy becomes 
great, but if the value of Vi approaches that of Va, then the loss 
is ahnost jiegUgible. 

The amount of this loss of kinetic energy may be seen by 
adopting arbitrary values for mass and velocity. Let (for 
example) Mi = Ma, and Vi = 2Va. 

Then energy before impact of molecules equals — 

El = ^ MaVa^ + JMaVa^ .4 = 5/2 MaVa^ 
The energy after impact — 

Ea = Ma.9/4V2^ 

Therefore, we have — 

El : Ea : : 10 : 9 

and there is a loss of 10 per cent, in kinetic energy owing to the 
admixture of the two gases. The loss is, of course, absorbed 
in the form of heat energy, and the gas is superheated ; that 
IS to say, the temperature after expansion is actually higher 
than the value calculated from the expansion ratio. Some of 

G.T. E 
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this energy is recoverable. The case is similar to that of 
friction loss in the De Laval nozzle. In the " PV " diagram 
the expansion line is raised out of the true adiabatic towards 
the isothermal, or in the temperature-entropy diagram the 
expansion line is shifted out of the vertical. In Fig. 26 the 
curves XA and YB represent the absorption and rejection of 
heat at constant pressure on the entropy-temperature diagram. 
The vertical AK represents the adiabatic expansion. If, owing 
to frictional losses, the gas is superheated, the expansion curve 
takes some such form as shown in AB. The extra work done 
is shown by the area AKB, and the additional heat put in 
by the area ABCD. It will be seen that the thermal efficiency 
of the system has been lowered owing to the fact that the area 
added to the diagram is the least efficient portion of the whole. 
With steam and air composing the working fluid, there is an 
added compUcation owing to the fact of the difference in 
temperature of the two fluids after expansion. A heat balance 
has to be struck between the two gases, a constant mean 
temperature being arrived at ; this is independent of any 
temperature changes arising out of internal or external friction. 
Let the temperature of the steam after expansion be 6i, and 
that of the air $2, let the proportion by weight of air to steam 
he I : y, and let the specific heats at constant pressure of the 
two gases be C^ for the air and C^, for the steam. Then the 
final temperature of the mixed fluid after expansion will be — 

i + y 

In this heat exchange there is no energy loss. 

The heat changes taking place due to temperature difference 
and velocity difference with mixed fluids of varying heat 
capacities is shown in the entropy-temperature diagrams 
(Figs. 26 and 27). 

Fig. 26 is for the air ; Fig. 27 for the steam. The steam, 
after expansion, being at a higher temperature than the air, 
parts with some of its heat to the air. The quantity of heat 
thus added to the air is shown by the area ABCD (Fig. 26). 
The air cycle is thus rendered less efficient. The quantity of 
heat parted with by the steam is represented by the area 
PMRT (Fig. 27) ; the steam cycle thus becomes more efficient. 
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The loss in thermal efficiency in the one case balances the gain 
in, efficiency in the other case, and there is no change in energy. 
The effect of the velocity difference between the two fluids 
and the subsequent energy loss owing to the concussion of the 
molecules with the corresponding rise in temperature is shown 
in the case of the air by the curve AE (Fig. 26) ; the extra 
work done is represented by the area AEB, and this work is 
done at the lowest efficiency on the diagram. The thermal 





Fig. 26. 
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Fig. 27. 



Figs. 26 and 27. — "0*" Diagrams for Au* and Steam, showing 
Influence of Heat Exchange between two Fluids. 



efficiency of the whole is consequently lowered. A similar 
change takes place with the steam diagram. Owing to the 
rise in temperature, the curve MP (Fig. 27) is deflected into 
the position MQ, an efficiency decrease of the same nature 
being experienced. 

In the case of steam and air this loss is practically negligible, 
as the velocity difference is not great enough to give any large 
discrepancy between the mean of the squares and the square 
of the mean value. In an actual case {vide infra), with an 
initial temperature of 1,000° C, and an expansion ratio of 10, 

E 2 
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and an air to steam ratio of 1 : 45 by weight, the velocity of 
the air was 3,660 ft./sec, and the velocity of the steam 
5,550 ft./sec. This gave a value of work done on separate 
expansion of 303 T.U., and a value of work done with the two 
fluids mixed of 299 T.U. The loss due to internal friction 
(concussion) being about 1 per cent. 

This question of " momentum loss " is not of great moment 
here and it will be neglected in calculating subsequent steam- 
and-air turbine efficiencies, the loss in question being assumed 
to be contained in the value taken for the thermodynamic 
efficiency of the turbine. The matter, however, is of 
importance in connection with various schemes that have 
been proposed for injecting high velocity fluids into mediums 
moving with a lower velocity in the case of explosion turbines 
{vide infra). 

THE DAVEY STEAM-AND-AIR TURBINE. 

For some years the author has been engaged in considering 
the question of the practicability of the mixed-fluid turbine as 
a practical machine. It is with some diffidence that he here 
prefixes his name to the steam-and-air turbine, but as far as 
he is aware the subject has not by others been subjected to any 
very definite investigation. In 1907 the author took out two 
patents (Nos. 24,085 and 26,580) for gas turbines of this 
nature. The use of steam as a dilutant is, of course, as old as 
the gas turbine itself, and there is no claim made as to the 
novelty of this procedure ; but no one seems to have considered 
scientifically and in detail the thermodynamic value of the 
system, the nearest approach to such being a patent of De 
Ferranti's (No. 13,199 ; 1903) in which the proposal is made to 
use a ** condensible fluid " to reduce the size of the compression 
plant '' because the efficiency of compression in such a plant 
is comparatively low." The matter, however, is treated in the 
vaguest manner, the drawings accompanying the patent being 
merely diagrammatic in nature. Only expansion above the 
atmosphere seems to have been contemplated and initial 
pressures of 300 to 400 lbs. are spoken of. There is also in the 
preamble a rather astonishing disclaimer as to using anything 
more than a proportion of '* gaseous products of combustion 
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amounting at most to only one-third of the working fluid." 
As the heat value of 1 lb. of combustion mixture (Mond gas) is 
about 550 T.U., and the latent heat of evaporation of water 
at 100° C. is 539 T.U., the maximum quantity of water that 
could be evaporated and raised even to so low a temperature 
as 100° C. is only '83 lb., while the proposal was to raise 2 lbs. 
of steam per lb. of air to a high degree of super-heat. The 
subsequent patents of de Perranti (viz., 1409, 1904 ; 19,912, 
1905, and 8886, 1906) deal solely with single-fluid gas turbines, 
and the earlier svstem does not seem to have been considered 
any further. 

The practicability of a steam-and-gas turbine as a prime mover 
competitive with other prime movers rests in three main issues : 

(1) fuel consumption referred to fuel cost; (2) initial cost; 
(3) reliabiUty and durability referred to maintenances charges. 
The fuel consumption depends on three factors : (1) the tem- 
perature that the turbine blades can be made to withstand ; 

(2) the peripheral velocity at which the wheel may be run ; 

(3) the thermodynamic efficiencies of the turbine and 
pump. The two other issues of capital expenditure and 
maintenance charge rest on the temperatures employed 
in the turbine ; on the pressures used and on the peripheral 
speed ; and on the expansion ratio, referred to the size 
of the pump. The last two issues work in opposition to the 
first ; that is to say, the higher the initial temperature, the 
greater the fuel economy, but the less the reliability and 
durability of the machine ; the greater the expansion ratio the 
greater the fuel economy, but the greater also the first cost of 
the pump, and the less the thermodynamic efficiency of the 
same ; the greater the peripheral speed the less the reUabiUty, 
durability and field of appUcation, though the fuel consumed 
may be less. To strike between these opposing influences 
the most advantageous balance is the problem that presents 
itself for analysis to the investigator in gas turbine research. 

The first point to be settled is the temperature which may be 
allowed upon the turbine blades. A maximum practical Umit 
for this temperature may be fixed at 500° C, as in the case of 
the single-fluid constant-pressure gas turbine previously 
considered (vide Chapter II.). The question will be further 
noticed in a subsequent chapter when the question of water- 
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cooling is discussed. It may, however, be pointed out in 
passing that Mr. Neilson (October 21st, 1904 : Institution of 
Mechanical Engineers) talked of using a temperature of 
700° C. on blades non- water-cooled, and of a temperature 
limit of 2,000° C. on blades that were water-cooled. It is 
surprising that statements of so wild a nature as this should 
have been made before any scientific society ; at the least, it 
is misleading, and can do no good to the advancement of gas 
turbine design. 

The next factor to be considered is that of peripheral speed. 
With geared turbines very high peripheral velocities are 
possible, but the insufficiency of the gearing, both in respect 
to fuel economy and maintenance, is a drawback. For slow- 
speed turbines, driving alternators direct, a peripheral speed of, 
say, 850 ft./sec. may be taken as a practical limit of speed. 
The question of the expansion ratio used in the turbine depends 
primarily as to whether that expansion is to be wholly sub- 
atmospheric or not. If the expansion is to take place wholly 
below the atmosphere, the expansion ratio is perforce limited 
to a value of about 10. If initial supra-atmospheric pressures 
are to be permitted, there is no absolute limitation as to the 
number of expansions used. If the peripheral speed of the 
pump rotor is to be kept at a reasonably low figure (and it is 
advisable that this should be done, owing to heavy friction 
losses at high speeds {vide Chapter VII.) ), it is not altogether 
wise to go beyond some 15 expansions or so, except in the 
high-speed geared type of turbine, where the pump is coupled 
direct to the main turbine and an increased margin of speed 
admits of a decreased margin of pump efficiency. With 
non-geared turbines, using an expansion ratio of 15 or under, 
the balance of advantages lies with the turbine that works 
entirely below the atmosphere. The saving in weight alone, 
and the advantage of not having to make joints to withstand 
any pressure more than 14 lbs. per square inch, are obvious. 
The difficulties attendant upon continuous combustion under 
pressure are also entirely eliminated. The combustion chamber 
becomes of the simplest construction, the only portions of the 
machine that require to be airtight being the regenerator and 
condenser. There is also an advantage in working the rotary 
air-pump in a less dense medium, as the loss due to skin friction 
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is directly proportional to the density of the medium in which 
the pump rotor revolves {vide infra). 

REGENERATION AND THE MAXIMUM PERCENTAGE OF 

STEAM. 

One of the principal difficulties in the single-fluid gas turbine 

lies in the fact that what regeneration is to be effected has to 

be effected by means of air to air. This interchange of heat 

has always been difficult to produce through the necessary 

medium of the metal wall. With the mixed-fluid turbine, 

however, the whole of the regeneration may be effected in the 

raising of additional steam to add to the working fluid, as it is 

ascertainable that the maximum proportion of steam that it 

is possible to add to the air is, at the same time, the most 

eflScient proportion to adopt. The temperature difference 

required for the conduction of heat through metal walls from 

air to air may be taken to be 200° C, while that required to bring 

the heat flow between air and water is only about 100° C. ; at 

the same time, a regenerator of very much less bulk is required. 

It will be seen that here there is a saving on the regeneration 

alone of 25 T.U. per lb. of combustion mixture in favour of 

the mixed-fluid system. The water feeding the combustion 

chamber is, therefore, passed first through the regenerator, 

where it absorbs heat from the exit gases ; the gas has then to 

be further cooled by means of a condenser, whence it is removed 

and compressed to the atmospheric pressure by the rotary 

pump. 

To find the maximum quantity of steam that may be added 
to the products of combustion in the furnace it is necessary to 
take into account the following factors : — 

(1) The heat value of 1 lb. of combustion mixture : let this be 
denoted by H (for Mond gas H = 550). 

(2) The initial temperature in the furnace, 6i, and the 
atmospheric temperature, ^2. 

(3) The temperatures at which the working fluid enters and 
leaves the regenerator, denoted by ti and t2 respectively. 

(4) Cpa, the specific heat of air at constant pressure, and 
Cpsy the specific heat of steam at constant pressure. 

(5) The total heat of 1 lb. of steam at the initial temperature 
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and pressure prevalent in the furnace, calculated from the 
temperature of the water from the condenser. Let this value 
be denoted by m. 

The difficulty that arises in calculating this percentage of 
steam is that every additional quantity of steam raised by the 
regenerator and added to the furnace raises the mean specific 
heat of the fluid passing through the regenerator tubes. This 
process continues until a balance is struck between the heat 
passing into the furnace from the regenerator and the heat 
passing into the regenerator from the furnace. The maximum 
quantity of steam that it is possible to add to 1 lb. of combustion 
mixture at any given temperature 0i, without lowering that 
temperature, is shown by the formula — 

ym=:K-C^{0,- 0^) + {h - k) (C^ + y C^) 

where y equals the quantity of steam added in lbs. weight. 

THE DETERMINATION OF THE INITIAL TEMPERATURE,^i. 

The temperature on the blades after expansion (assuming all 
the expansion to take place on one wheel) is 773° A. The 
expansion ratio is 10 = r. For any gas expanded adiabatically 
we have the equation — 

01'=' 02 * T y 

for the products of combustion 7 may be taken as equal to 1«38. 
Therefore — 

01 = 02 . 1-884 = 1,460° A. 

For steam 7 = 1«3 ; therefore — 



01 = 02 . 1-7 = 1,320° A. 

Taking the mean of these two values the temperature before 
expansion of the working fluid may be taken as 1,390° A., or 
1,117° C. 

The initial temperature having been determined, the 
maximum quantity of steam to be added can be calculated. 

Let the exhaust gases leave the regenerator at 100° above the 
atmospheric temperature. The total heat for 1 lb. of steam 
for 15 lbs. pressure and 1,117° C. temperature, reckoned from 
a condenser temperature of 45° C, is 1,103 T.U. 
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We have, then, in the above formula for weight of steam 
added — 

y 1,103 = 550 — -25 (1,390 — 288) + (773 — 388) ('25 — '51/). 

This gives a value — 

y = •41b. 

WORK DONE AND VELOCITY PRODUCED. 

The work done by the gas on expansion equals — 

•pi 

V . dp — m units of work, 



f 



3>2 

or — 



Cj, (^1 — 6 2) in heat units. 

= -25 [1,460 — 773] = 172 T.U. 

The work done by 1 lb. of steam is given by the Rankine 
formula — 



W 



= (ri - ra) (l + ^j) + C, (r, - r^) - r^ (log, ^^ + C, 



log. 'A . 



This gives a value of work done per lb. of steam of 352 T.U. 

For -4 lb. of steam (the weight added) this becomes 141 T.U. 

Therefore the total work done by 1*4 lbs. of working fluid 

equals — 

172+ 141 = 313 T.U. 

VELOCITY. 

If W is the work done in heat units per mass, m, of 
the working fluid, then we have the relation — 

g being the acceleration of gravity and J the mechanical 
equivalent of heat. Substituting the value 313 for W and 
1-4 for m, this gives a value for the velocity equal to 4,490 ft./sec. 
As has been previously noted, the small decrease in velocity 
due to the coUision of molecules of the two gases has not been 
taken into account. 

The peripheral velocity of the turbine wheel may be taken to 
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be 850 ft. /sec. {vide supra). Only one wheel is used, a double 
wheel of the Curtis type. This is sufficient to take out the 
greater part of the velocity of the impinging gases. Fig. 28 
shows a velocity diagram for the double wheel, drawn for the 
velocities in question, viz., a peripheral velocity of 860 ft./sec, 
and an initial velocity of the working fluid of 4,490 ft./sec. 




Moving 



Fixed 



Moving 



Fig. 28.— Velocity Diagram for Curtis Wheel. Vi = 4,490 ft./sec. ; 
U = 850 ft./sec. ; V3 = 2,900 ft./sec. ; Vg = 1,700 ft./sec. ; 
Z = component in direction of rotation (recoverable) = 800 
ft./sec. 

The final velocity of the gases leaving the last ring of blades is 
thus 1,700 ft./sec. The total energy per lb. of working fluid 
is k 4490^ units of work where A; is a constant ; the energy lost 
in residual velocity is k 1700^ units. This gives a theoretical 
efficiency for the wheel of 86 per cent. 

After passing through the wheel the working fluid passes into 
the regenerator. This is practically of the same nature as a 
fire-tube boiler ; all the water feeding the furnace is first 
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conducted through this heater. The exhaust gases then pass 
on to the condenser where the residual heat is abstracted 
before the fluid passes into the pump. The pump compresses 
the waste gases from a pressure of 1-47 lbs. per square inch up 
to the atmospheric pressure. The work done by the pump is 
given by the equation — 

W = piVi loge r. 

where pi and Vi are the initial pressure and volume and r the 
compression ratio. This ratio is, of course, the same as the 
expansion ratio in the turbine. The pump is so cooled between 
its elements as to insure isothermal compression. With ten 
compressions the work done on the pump per lb. of products 
of combustion delivered is 43 T.U. 

The thermal efficiency of the cycle equals — 

Positive work — Negative work 

Heat put in 
this equals — 

313 ~ 43 ._ 

^^77 — = 49 per cent. 

650 ^ 

The overall efficiency is found by inserting values for the 
thermodynamic efficiencies of the turbine and pump in the 
usual manner. Let these values be 70 per cent, for each. 
Then— 

^ llffj- -rji_313x70 per cent. — 43/70 per cent. 

= 28*5 per cent. 

If reference is made back to the diagram of efficiencies for 
the single-fluid turbine on p. 37, it will be seen that the 
efficiency of the single-fluid turbine for the same initial 
temperature of the working fluid and the same thermodynamic 
efficiencies of turbine and pump is 24«5. Thus, by the addition 
of steam to the products of combustion an actual saving in 
fuel consumption has been effected amounting to 14 per cent. 

It should be borne in mind that the efficiencies plotted in 
Fig. 18 are based upon an expansion ratio of 20, whereas in 
the present case the expansion ratio is only ten. 

A more detailed comparison between the efficiencies of the 
single-fluid and the mixed-fluid types of turbines will be 
considered shortly. 
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THE PUMP. 



The success of the gas turbine as a practical machine rests 
very largely with the pump. This is practically confined to 
the rotary variety. To insure the number of elements being 
kept within reasonable bounds for the ratio of compression 
required, it is necessary that a high peripheral velocity be 
achieved by the pump. The formula given by Professor 
Rateau for his rotary pump {vide infm) is — 

r=z l + 6.10-^'tr» 

where r is the compression ratio effected per stage, and v is the 
peripheral velocity of the rotor in feet per second. With a 
peripheral velocity as used in the turbine of 850 ft./sec, r 
becomes 1^34. The compression achieved by a number of 
elements ascends in geometrical progression, the total compres- 
sion R produced by a number of elements, n, being equal to 
r^, r being the compression ratio for the single element. Thus — 

number of elements required, 
n = log R/log r. 

With R = 10 and r = 1*434, the value for n equals 6*4 ; this 
means some seven elements in the pump. 

It is not advisable to run the pump on the main turbine 
shaft, as to insure the peripheral speed of 850 ft./sec, it would be 
necessary to construct the pump rotors of the same diameter as 
the turbine wheel, viz. 6*5 feet. This would render the pump 
of excessive bulk, the frictional surfaces would be greatly 
increased and the difficulty of controUing the delivery would 
become very great. It is on all counts more advantageous to 
drive the pump by a separate high-speed turbine ; in this case 
the size of the pump can be controlled at will. With a shaft- 
speed for instance, of 7,000 r.p.m., the diameter of the pump 
rotor to insure a peripheral velocity of 850 ft./sec. would be 
only 2 feet 4 inches. With the pump run upon a separate 
shaft to that of the main turbine there is theoretically no limit 
to the peripheral speed at which the pump may be run, and it 
would seem that on this count the number of elements in the 
pump could be reduced to a minimum at will. There are 
objections, however, to doing this. First, the losses in the 
pump due to skin friction are proportional to the cube of the 
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peripheral speed, a doubling of the speed producing an increase 
in these losses to eight times the original value. Secondly, the 
fewer the elements in the pump for a given ratio of compression, 
the less perfect is the means afforded for cooling the compressed 
fluid and the less nearly does the compression approach that 
of the isothermal ideal. A point is soon reached at which the 
saving in weight and space produced by lowering the number 
of elements in the pump is counterbalanced by a decrease in 
efficiency. 

ACTUAL DESIGN OF MIXED-FLUID TURBINE. 

In accordance with the example worked out in the foregoing 
pages, the author has evolved a general design of a mixed-fluid 
turbine. of this type (i.e., sub-atmospheric, with an expansion 
range of 10, initial temperature, 1,117° C), which is illustrated 
in Figs. 29, 30, and 31. The turbine in question is of the 
single element type, using a double Curtis wheel, with a 
peripheral velocity of 850 ft./sec. The turbine is designed to 
run at 2,500 r.p.m. ; this gives a rotor diameter of 6'6 feet. 
Fig. 29 shows a sectional view of the " main " turbine in a 
plane at right angles to that of rotation. The machine is 
designed for 1,000 B.H.P., the scale is J inch to 1 foot. Taking 
the thermodynamic efficiencies of the turbine and the pump to 
be each 70 per cent., the ratio of the brake horse-power done 
by the turbine to the brake horse-power required to drive the 
pump is 220 to 62. If the motive power available be divided 
into three turbines each of 1,000 B.H.P., to drive the alter- 
nators, it will be seen that the fourth turbine unit required 
to drive the pump (which undertakes the negative work for 
itself and for the other three units), will be a unit of the same 
order of power ; the actual power required for the unit in 
question being 1,180 B.H.P. As this is only 18 per cent, 
larger than the 1,000 B.H.P. units, the general dimensions of 
the same have been taken as identical with that of the positive 
power units ; more especially as a wide margin has been left 
in calculating the dimensions for these latter. 

THE FURNACE. 

It will be seen from Fig. 29 that the furnace in which the 
fuel is burnt and the working fluid formed by the addition of 



62 THE GAS TURBINE 

the steam, is entirely jacketed with water. The water that is 
fed to this jacket is first led through the regenerator where 
waste heat is taken up from the exhaust of the turbine. All 
the heat that is conducted through the walls of the combustion 
chamber to the water surrounding it simply goes to raise the 
steam with which the products of combustion are diluted, and 
by which the temperature of the working fluid is reduced to 
the limit of practical working in the turbine, this temperature 
being, as stated above, 1,117° C. It will thus be seen that 
there is Uttle or no radiation losses, the difference in temperature 
between the inside of the outer wall of the furnace and the 
atmospheric temperature being only 86° C, as compared to 
1,102° C. were there to be no steam dilution, and consequent 
water jacket surrounding the combustion chamber. 

The furnace is brought straight up to the turbine wheel which 
enables the nozzle to be water-jacketed, together with the 
turbine casing itself, which jackets communicate with the main 
jacket of the combustion chamber. The regenerator, being in 
the form of a fire-tube boiler, is also almost entirely surrounded 
with water. In this manner all radiation losses, from whatever 
part of the working fluid path, are reduced to a minimum. 

The lower part of the furnace is Uned internally with fire 
brick, and in this portion the gas and air is mixed and burned ; 
steam is admitted higher up, by a ring of holes in the side of 
the furnace, the steam being conducted from the space above 
the water in the furnace jacket. 

The sectional area of the interior of the furnace is 24 square 
feet, which gives a velocity of the working fluid through the 
furnace of 10 feet a second. The burners are of the Buijsen 
type and consist of a '' nest " of eighteen 3-inch burners in 
concentric rings, with a velocity through the burners of 
30 ft. /sec. The pipe conveying the fuel to the furnace is shown 
with a coil embedded in the fire-clay lining of the furnace, the 
arrangement being designed for use with oil, preliminary 
evaporation being secured by the coil. The air admission to 
the furnace is regulated by a damper in the usual manner. 
The actual weight of working fluid passing per second for 
1,000 B.H.P. under stated conditions is 3-56 lbs. ; this gives a 
value in volume passed per second of 2,390 cubic feet. The 
nozzle area required at a velocity of 4,490 ft. /sec, would thus 
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be 77 square inches. The ineUnation of the guide blades to the 
plane of rotation of the wheel is taken at 20°, and the length of 
the first ring of blades is 4 inches. This means that the nozzle 
would occupy 56 inches of the circumference of the turbine 
wheel, and the turbine blades would only be subject to the 
effluent gases for '23 of each revolution. 

THE REGENERATOR. 

Arguing from the analogy afforded by tests that have been 
carried out in respect to the relative evaporating power of 
various portions of a locomotive boiler (Pye Wilhams, Donkin, 
etc.), that the heat transmitted is about 2.000 T.U. per square 
foot of tube surface per hour, the tube surface required for the 
regenerator is 800 square feet, the exit temperature being taken 
at 115° C. Taking it that the T.U.'s passing in the condenser 
per square foot per second equals 1*5, the surface of the con- 
denser tubes required is 433 square feet. 

An end view of the turbine is shown projected on to the 
section. This end view is not shown in section, but the cover 
of the turbine casing is shown removed. The exhaust gases 
from the condenser pass into the exhaust pipe that runs along 
under all the power units in the building, every fourth unit 
being provided with a pump whereby the pressure difference is 
maintained. 

Fig. 30 shows a turbine unit coupled up to an exhausting 
pump. The scale is the same as in the preceding figure. Only 
the pump itself and the pipe connections to the condenser are 
shown in section. The heights of the three floors — ^the turbine 
floor, the furnace floor, and the condenser floor — are drawn at 
the same height as in the preceding figure. The pump is 
designed to run at 6,000 r.p.m., with a peripheral speed of 
850 ft./sec. This gives a diameter of the rotor of 2 feet 8 inches 
for both turbine and pump. It will be seen that the size of 
the turbine is thus considerably reduced, and the furnace and 
regenerator are both raised above the level of those in the 
positive power units. It has been seen (p. 60) that the value of 
n in the pump equation — 

R = r^ 

is 6*4 ; R b^ing the total expansion ratio, viz., 10, and r 
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the ratio of compression for a single element, being, at 860 ft./seo 
peripheral speed, equal to 1*434. This means that there a: 
to be some seven elements in the pump. 

BALANCING. 

The pump has too many elements to admit of perfeofe 
balancing by the method of duplicating the rotors and delivering 
the gas through the pump in opposite directions. The nearesb 
approach to perfect balance is to arrange the elements of the 
pump in such a manner that the first five wheels deliver the 
air in one direction and the last two in the opposite direction. 
The pump is divided in this way in Pig. 30 ; the thrust left 
over being opposed to the thrust set up by the turbine owing ^ 
to the axial component of the velocity of the working fluid. 
The diflFerence in pressure on the rotor discs between the two g 
divisions of the pump is -43 lbs. per square inch of disc surface ; * 
the average disc surface is 740 square inches. This gives a 
thrust on the shaft of 320 lbs. This is not excessive and, in ' 
addition, is partly counterbalanced by the thrust from the 
turbine. 

COOLING. 

The pump is of the Bateau type, and is water- jacketed ; the 
water jacket reaching into the centre of the pump almost up 
to the inner edge of the rotor blades ; effective cooling is thus 
insured. This is further secured by the interposition of a 
cooler between the two portions of the pump through which 
the gas is made to pass. A condition of compression 
approaching the isothermal is thus brought about. 

GENERAL ARRANGEMENT OF PLANT. 

In Pig. 31 is shown the general arrangement of the gas 
turbine plant. There are six ** positive units " each of 
1,000 B.H.P. The necessary '' negative " work for this plant 
is performed by two pump units each of 1,180 B.H.P. They 
are placed at each end of the building and are so arranged as to 
act as exhausters for three turbines only ; in this manner one- 
half of the plant can, at any time, be shut down, without 
effecting the operation of the other half. The turbine units are 
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shown driving dynamos ; the whole plant represents a net 
output of 6,000 B.H.P. In this plan the circulation of the 
jacket water is shown. The positive turbine units exhaust 
into a large pipe that runs the whole length of the building ; 
the pumps exhaust from this, there being no connection 
between the three right-hand turbines and the three left-hand 
turbines. The regenerators, condensers, and piping apper- 
taining thereto lie beneath the engine-room floor, and are not 
shown in the plan. 

Pigs. 29, 30 and 31 are all drawn for turbines burning oil fuel. 

With gaseous fuel some modifications are necessary. As 
regards the type of steam and oil turbine shown in Figs. 29, 
30 and 31, this means Uttle more than an increase in the size 
of the piping and valves supplying and admitting fuel to the 
furnaces. In regard to the question that crops up with the 
use of gaseous fuel in steam and gas turbines, in connection 
with the formation of sulphuric acid in the regenerator, the 
reader is referred to a subsequent chapter (vide p. 163) where 
the matter is treated more fully. It may, however, be pointed 
out here that, with steam and air turbines in which there is 
initial compression of the fuel before combustion, the oil 
turbine has one advantage over the gas turbine. Power gas 
requires for its complete combustion somewhere about its own 
volume of air. As it is not permissible to mix the air and the 
gas before combustion, it is necessary to provide two rotary 
pumps, one for the air and one for the gas. The cost of 
rotary pumps is not in direct proportion to the output of the 
pump, a pump of 500 H.P. being almost as costly as one of 
1,000 B.H.P. The case presents itseK as follows : For the 
oil-burning turbine a rotary pump of (say) 1,000 B.H.P. will 
be needed together with a small oil piston pump of trifling size 
and cost. For the gas-burning turbine, two pumps of 
500 B.H.P. each will be necessitated of almost equal size and 
cost to the 1,000 B.H.P. pump. One advantage that the 
sub-atmospheric type has, therefore, is its adaptability to 
either gas or oil fuel with trifling alterations. 

GOVERNING. 

The governing of the steam-and-air turbine working below 
the atmosphere may be effected by two methods : (1) by the 

G.T. F 
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lowering of the temperature of the working fluid before expan- 
sion through the turbine ; (2) by " breaking the vacuum " in 
the condenser, i.e., by lowering the expansion ratio {vide 
Chapter VII.). Either method affects the efficiency of the 
machine while the controlling of the governor is taking effect. 
In this respect it may be noted that the explosion turbine 
(vide infra) has the advantage of the continuous flow type, as 
the number of explosions per given unit of time may be varied, 
and the power of the machine thus altered, without altering 
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Fig. 32. — Nozzle Control. 

the limits of temperature or pressure upon which the efficiency 
of the turbine depends. 

LOAD VARIATION. 

The practicability of the variation of the load in the case of 
the steam-and-air turbine depends upon two factors : firstly, 
the limits of nozzle control ; secondly, the variation in the 
pump efficiency with variable output. 

In Fig. 32 is shown a system of nozzle control, from fuU load 
to half load, in one-eighth-load steps, by a sliding shutter 
cutting off the nozzles. The dimensions of the plant apply, 
of course, for loads less than full load, the velocity of the fluid 
through the various channels simply being reduced. 

If reference is made to the graphs on p. 174, it will be seen 
that for a Rateau pump the variation of efficiency over a load 
of 1 to '5 is about 4 per cent. In the example here considered 
the pump efficiency at full load was taken at 70 per cent. At 
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half load the efficiency would then be 66 per cent., and the 
negative work done on the pump would rise from 62 T.U. per lb. 
of air exhausted to 65 T.U. This would reduce the overall 
efficiency from 28-5 to 28-2, resulting in a nett rise in fuel 
consumed per unit of work done on the shaft of about 1 per 
cent. It will thus be seen that the loss in efficiency over 
varying loads is reaUy not excessive. 

MIXED FLUID TURBINES WORKING WITH SUPER- 
ATMOSPHERIC EXPANSION. 

As has been pointed out above, a mixed-fluid turbine 
working below the atmosphere is Hmited to an expansion ratio 
of 10. If it be proposed to use initial compression of the 
working fluid, it would be theoretically possible, by substituting 
two rotary pumps for one and working those two pumps in 
series — the one as an initial compression pump, the other as a 
final exhausting pump — to achieve an expansion ratio of 100 by 
the dupUcation of the pumping machinery required for ten 
expansions. A duplication of the wheels of the turbine would 
also serve to take up work evolved by the 100 expansions, the 
initial temperature remaining the same as before. Taking 
approximate figures this would produce an additional tempera- 
ture drop of 330° C. in addition to the first temperature drop 
of 620° C. produced by the initial ten expansions. This 
represents, roughly, an increase in the gross work of 60 per cent. 
As, however, the pump is compressing isothermally while the 
turbine is expanding adiabatically, the ratio of the negative to 
the positive work for the first range of ten expansions will be 
less than the ratio in the second range of ten expansions. With 
the ten expansion range (^i = 1,117° C.) the positive work, 
at thermodynamic efficiency for turbine of 70 per cent., equals 
220 T.U. per lb. of combustion mixture, and the negative work 
(Cp = 70 per cent, for pump) is 62 T.U. We may take it 
roughly that the positive work is increased to 300 T.U. and 
the negative work to 100 T.U. The heat put in equals 550 T.U. 
The overall efficiency, therefore, is — 

300 — 100 

550 
= 36 per cent. 

F 2 
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This is only an approximate deduction. It must be 
remembered that the jfinal theoretical temperature of the fluid 
after the 100 expansions would be 167° C, a temperature too 
low to afford regenerative heat. The quantity of steam added 
to the working fluid would therefore be much reduced, a 
reduction, in point of fact, of '4 lb. of steam per lb. of products 
of combustion to '25 lb. This increases the ratio of the 
negative to the positive work, an increase that has not been 
taken into account in the above approximation {tnde infra). 

A compression ratio, however, of 100 is not attainable, or, 
at least, has so far not been attained with rotary pumps. 
Though in theory the coupling together in series of two pump 
units giving x compressions produces a total compression of 
x^, in practice there is a considerable falling off, when the 
ratio of compression is largely increased. For more detailed 
information as to this and other matter relating to the rotary 
pump the reader is referred to Chapter VII. 

An expansion ratio, however, of, say, 30 may be taken as a 
conceivably possible figure. It may be of interest to work out 
a case of this kind, assuming Oi to be, as before, 1,117° C. or 
1,390° A. 

Let the initial pressure be 60 lbs. per square inch and the 
terminal pressure be 2 lbs. The temperature, 02, of the air 
after expansion is given by the formula — 

^ V — 1 

30Y 

7 being equal to 1-38 for products of combustion ; for steam y 
becomes 1*3. 

This gives a temperature for the air after expansion of 272° C, 
and for the steam 362° C. Assuming the ratio of the air to 
the steam to be 3 to 1, we get a mean final temperature of 340°C. ; 
that is to say, the entry temperature to the regenerator is 
340° C. ; let the exit temperature from same be (as before) 
115° C. From the formula given on p. 56, the maximum 
quantity of steam that can be added to the products of 
combustion is found to be '32 lbs. 

The work done by 1 lb. of steam expanding from 60 lbs. 
down to 2 lbs. with an initial temperature of 1,117° C. is, from 
the Rankine formula, 417 T.U. The work done by 1 lb. of 
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products of combustion over the same range of expansion and 
with the same initial temperature is 211 T.U. The total work, 
therefore, done by 1*32 lbs. of working fluid, composed of a 
mixture of 1 lb. of air and '32 lb. of steam, is 345 T.U. The 
negative work done by the pump per lb. of air compressed 
is — 

a)=?|^logerT.U, 

{r = 30,) 

therefore work done by pump equals 64 T.U. 
Therefore thermal efficiency — 

_ 344 — 64 
''"" 550 
= 51 per cent. 

It will be seen that this is only a slightly higher thermal 
efficiency than that obtained with ten expansions, the thermal 
efficiency in that case being 49 per cent. Taking the thermo- 
dynamic efficiencies of the turbine and pump to be each 
70 per cent., the overall efficiency of the machine becomes 
27-2 per cent. The overall efficiency in the case of the turbine 
with ten expansions was 28-5. It will be seen that this change 
in relative advantage between the thermal efficiency and the 
overall efficiency of the two cases is owing to the fact of the 
larger proportion that the negative work bears to the heat 
put into the system in the latter case (thirty expansions) than 
in the former (ten expansions). 

The approximation of the thermal efficiencies in the two 
cases is due to the fact that, owing to the. lowering of the 
temperature of the gases from the exhaust of the turbine, the 
quantity of heat available in the regenerator is considerably 
reduced. It must be borne in mind that all the heat liberated 
in the regenerator goes to the raising of additional steam to the 
products of combustion. The quantity of steam added is 
reduced from '4 lb. in the former case to '32 lb. in the latter. 
The work done by the quantity of steam added in the former 
case is — 

352 X -4=141 T.U. 

and that added by the steam in the latter case — 

417 X -32= 133 T.U. 
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There is thus a nett loss in the latter case of work done by the 
steam of 8 T.U. 

In the former ease the work done by the air is 172 T.U. 
In the latter case 211 T.U. The nett gain in positive 
work is therefore 21 T.U. on the side of the thirty expansion 
case. The negative work, however, is, with ten expansions, 
43 T.U., and with thirty expansions, 64 T.U. There is a nett 
gain here on the side of the ten expansion case of 21 T.U. 
Balancing these two gains against one another, any advantage 
that the one case has over the other is eliminated. As has been 
seen above, when the overall efficiency is taken into account, 
the advantage Hes on the side of the fewer expansions. 

It will thus be seen that the increase in the expansion ratio, 
provided the initial temperature of the working fluid be kept 
constant, produces no corresponding increase in the overall 
economy of the system, and that with ten expansions in the 
turbine a higher overall efficiency is produced than with thirty 
expansions. It is obvious, therefore, that the turbine working 
wholly below the atmosphere possesses every advantage over 
any other tj^e having additional initial compression ; as the 
only result produced by such is increased range of expansion, 
and this eventually lowers, instead of increases, the overall 
efficiency. The practical advantages that lie with the sub- 
atmospheric type have already been noted ; it may also be 
borne in mind that not only is the pump less bulky, owing to 
the fewer number of compressions that it has to perform, but 
also its thermodynamic efficiency is higher without initial 
super-atmospheric compression than with it, as the mean 
density is less in the former case than in the latter, and the 
losses due to disc friction are directly proportional to the mean 
density of the medium in which the discs rotate. 

The author has felt that the statement just made, viz., that, 
within definite limits, the overall efficiency of the steam-and-air 
turbine changes in an inverse proportion to the expansion ratio 
in the turbine, is so (apparently) in direct antithesis to the 
fundamental laws of thermodynamics that some further 
notice of the phenomenon is necessary. 

It has been already shown that the addition of steam to the 
products of combustion produces an increased overall efficiency 
within certain definite limits of maximum temperature used. 
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What those limits are will be shown later. It is now to be 
shown that, with a certain fixed value for the initial temperature 
of the cycle and fixed values for the thermodynamic efficiencies 
of turbine and pump, an increase in the expansion ratio is 
actually accompanied by a decrease in nett work available in 
the form of brake horse power on the turbine shaft, that is 
to say, by a decrease in the overall efficiency of the system, as 
the heat put into the furnace remains constant. 

One of the terminal pressures has to be fixed ; the lower 
terminal pressure has been chosen for the fixed value ; this 
remains constant at 2 lbs. per square inch absolute. Values 
for the upper limit of pressure have been taken at 14'7, 20, 40, 
60, 80 and 100 lbs. per square inch, giving expansion ratios 
of 7-3, 10, 20, 30, 40 and 60 respectively. The initial 
temperature of the cycle is fixed at 1,390° A. 

The problem is treated analytically in the table on p. 72. 

The temperature of the working fluid is first found for the 
various expansion ratios after the expansion has taken place. 
This temperature will have a different value for the air and 
steam ; these two values are found separately, in the ordinary 
way, taking 7 = 1*38 for the products of combustion, and 
7 = 1*3 for the steam ; the mean temperature is then taken. 
This gives the temperature of the fluid upon leaving the turbine 
and of its entry to the regenerator. These values will be found 
in the second, third and fourth columns in Table I., p. 72. 
The fifth column gives the value of m, which is the total heat 
of 1 lb. of steam reckoned from the condenser temperature for 
the various initial pressures. 

The temperature at which the exhaust gases leave the 
regenerator is fixed at 116° C. This, together with the values 
of m and 0^, gives the value of y, the maximum quantity of 
steam that may be added to the products of combustion without 
lowering the fixed initial temperature in the furnace. It will 
be noticed that this value decreases with the increased range 
of expansion, owing to the lowering of the terminal temperature, 
which reduces the heat absorbed in the regenerator and 
consequently the quantity of steam that the regenerator adds 
to the furnace. In Column VIII. is given the work done (in 
heat units) by the expansion of 1 lb. of steam over the given 
expansion range. Column IX. gives the multiple of W, and y, 
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or the work done by the steam in the system per lb. of products 
of combustion. It will be noticed that this value shows a 
decrease with the increase in expansion ratio, owing to the 
diminishing value of y. 

Column X. gives the value of the work done per lb. of air 
in expansion, Column XI. the work done on the air in 
compression over the same range. It will be noticed that 
both Wa and Wn increase with the expansion ratio, but that 
owing to the faeii that the turbine expands adiabatically while 
the pump compresses isothermally the increase of W^ is propor- 
tionately greater than the increase of W^. The nett work, 
assuming no losses in either turbine or pump, is given in 
column XII. ; there is an increase with the expansion ratio, 
but this increase is very slight, amounting to only 3-3 per cent, 
between the ratio Umits of 7-3 and 60. In Column XIII. 
is given the nett work available on the turbine shaft in 
thermal units per lb. of products of combustion, taking into 
account the losses in the turbine and pump and assuming these 
losses to amount in each case to 30 per cent. It will be seen 
that the nett work actually available decreases with the increase 
in expansion ratio. This is owing to the larger proportion of 
negative work with the increased expansion. As the heat put 
into the furnace remains constant (^i = 1,390° A = constant) 
the overall efficiency decreases with the increase in expansion 
ratio. These values are given in Column XIV. 

The variation of these factors with the change in expansion 
ratio is further shown by the curves in Fig. 33. The diagram 
is a composite one, representing the change in terminal tempera- 
ture, 02 ; quantity of steam added, y ; work done per lb. of 
steam, W^ ; work done per y lbs. of steam, t/.W^ ; work done 
per lb. of air, W^ ; negative work done per lb. of air, W^ ; nett 
" indicated " work, W ; and nett available work taking into 
account turbine and pump losses, W", for var3dng values of 
the expansion ratio from 7-3 to 50. 

It is interesting, however, to see the change in overall 
efficiency for the mixed-fluid turbine when the expansion ratio 
is kept constant and the initial temperature is altered. This 
change is shown in the diagram (Fig. 34) by the full Une curves. 
The top curve represents the change in thermal efficiency with 
the rise in iiutial temperature. The three lower curves repre- 
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sent the change in overall efficiency for the three conditions of 
thermodynamic efficiency : (1) turbine 75 per cent., pump 
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Fig. 34. — Temperature-Efficiency Diagram for Mixed-Fluid Turbine. 
El, Turbine, 75 per cent. ; Pump, 70 per cent. E2, Turbine, 70 per 
cent. ; Pump, 70 per cent. Eg, Turbine, 70 per cent. ; Pump, 66 
per cent. 

70 per cent. ; (2) turbine 70 per cent., pump 70 per cent. ; 
(3) turbine 70 per cent., pump 65 per cent. A vertical line is 
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drawn through the locus of 1,200° C, as this represents what 
may be considered as the practical limit for initial temperature 
in a turbine driving on to the main shaft direct. 

The dotted curves on the same diagram are reproduced from 
the efficiency-temperature diagram for the single-fluid constant- 
pressure turbine upon p. 37. It will be noticed that although 
the thermal efficiency of the latter type lies well above the 
thermal efficiency curve of the former, yet within practical 
limits of temperature the overall efficiency curves of the former 
type lie above the same curves for the latter. 

For the thermodynamic efficiency of the turbine, 75 per 
cent., and of the pump, 70 per cent., the curves cut one another 
at 1,260° C. At 70 per cent, turbine and 70 per cent, pump 
they cut one another at 1,380° C, and at 70 per cent, turbine 
and 65 per cent, pump, at 1,500° C. Above these temperatures 
the single-fluid turbine is more efficient than the mixed-fluid 
turbine ; below these temperatures the reverse holds. These 
temperatures are, however, well above the limit of practical 
working ; in the case of the 75 per cent, turbine and 70 per 
cent, pump, the temperature at which the curves cut approaches 
the Umiting value, but, in this instance, the efficiency taken 
for the turbine is somewhat high. 

With 75 per cent, turbine and 70 per cent, pump, the mixed- 
fluid turbine shows a fuel consumption of 3-2 per cent, less 
than in the case of the single-fluid turbine for the maximum 
temperature Umit — a saving of 8 per cent, when the thermo- 
dynamic efficiencies are each 70 per cent., and a saving of 
16 per cent, when they are 70 per cent, and 65 per cent. It 
should also be noticed that the slope of the curves for the 
single-fluid turbine is much greater than that for the mixed- 
fluid turbines. Taking tangents to the two curves, for turbine 
eflficiency and pump efficiency each 70 per cent. — 

^ = •214 



for the mixed-fluid turbine, 

SE 
80 

for the single-fluid turbine. 



= •614 
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This IB of conBiderable importance, as it means that there ie 
a greater " flexibility " as regards efficiency variation in the 
mixed-fluid turbine, a fact that is of some importance when 
governing is effected by temperature control {vide infra). It 
should also be noted that the change in overall efficiency with 
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Fig. 35.— Three Dimension Diagram, showbg Variation in Overall 
Efficiency, with Themiodynamio Efficiencies of Turbine and 
Pump. Thermal Efficiency asBumed Constant at 50 per cent. 

the change in thermodynamic efficiency is greater with the 
single-fluid turbine than it is with the mixed-fluid turbine. 
The only change in overall efiiciency with variable factors that 
has not yet been analysed is the change in overaU efficiency 
with the change in the thermodynamic efficiencies of the 
turbine and pump. As these two efficiencies are independently 
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variable entities it is convenient to plot the change of overall 
efficiency with the variation of these in the form of a three 
dimension diagram, the change in the overall efficiency being 
represented by a surface (Fig. 36). 

The thermal efficiency is fixed at 50 per cent., being the 
thermal efficiency corresponding to ten expansions in the 
turbine with an initial temperature of 1,117° C. The line AB 
in the plane ABCD represents the change in overall efficiency 
with the change in the thermodjmamic efficiency of the turbine. 
The curve AE in the plane ADFE represents the change in 
the overall efficiency with the change in the thermodynamic 
efficiency of the pump. 

The surface ABHE represents the change in the overall 
efficiency with the change in the efficiencies of the turbine and 
pump together. The overall efficiency at any point is given 
by the height of the vertical between the surface ABHE and 
the surface DCGF. 

With the gas turbine that we have been considering there are 
three variable factors that determine the overall efficiency of 
the machine, viz., the initial temperature, the expansion ratio, 
and the thermodynamic efficiencies of the turbine and pump. 
Graphs have been drawn for the change of efficiency with each 
one of these variables, the other two being kept constant. 
It i^mains to be seen, however, whether each of these are 
independent variables. It is clear that the temperature and 
expansion ratio can be varied independently of one another. 
We have now to consider whether an increase in the initial 
temperature or an increase in the expansion ratio affects the 
value of the thermodynamic efficiency of the turbine. 

Let it be assumed that the temperature of the working fluid 
after expansion — ^that is, the temperature on the blades — ^be 
fixed. Let the initial temperature then be varied, the expan- 
sion ratio undergoing alteration with it. It is to be seen 
whether the losses in the turbines are likely to be affected by 
this change of conditions. 

The losses that are likely to occur in the turbine are as 
follows : — 

(1) Residual velocity in working fiuid after impact on the 
turbine wheel. 

(2) Radiation losses through walls of turbine. 
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(3) Shock on vane edges. 

(4) Shock of entrant fluid on quiescent fluid occupying vane 
passages. 

(6) SpilHng. 

(6) Eddy currents. 

(7) Friction in nozzle. 

(8) Friction of the rotating wheel and blades. 

(9) Friction of the working fluid through the blades. 

(10) Friction of the turbine shaft in journals. 

The flrst of these losses, it will be noticed, is controllable at 
will and is dependent only upon the peripheral speed at which 
it is decided to run the turbine wheel as compared to the 
velocity of the working fluid. With regard to the next loss, 
in the case of the steam-and-air turbine, in which the turbine 
itself is water- jacketed and serves in part as a steam generator 
for the raising of the dilutant steam, the radiation losses are 
negligible. With the single-fluid turbine, this is not so ; this 
matter will be considered later. The next three losses are 
dependent upon the construction of the turbine and may be 
assumed constant in any given machine. The loss due to 
eddy currents may also be considered as a constructional 
matter. The last four losses, however, are all frictional losses, 
and these are dependent upon the surface and the velocity of 
the moving bodies within or upon which the friction occurs. 
The last item is a relatively small one, and except to note that 
it is dependent on the velocity of the turbine shaft, and there- 
fore upon the velocity of the working fluid, it may be ignored. 
The other three frictional losses, it will be noticed, are all losses 
due to the friction of the working fluid over metal surfaces. 
This loss has been shown by Odell, Stodola and others to be 
dependent upon the velocity of the gas (or body in the gas), 
the density of the gas and the surface of the body. This 
latter with any particular turbine is fixed. Further, it has 
been shown that the loss due to this friction — 

where A; is a constant, v is the relative velocity between the 
surface and the gas, S is the area of the surface, and p is the 
density of the gaseous medium. Now the velocity of the 
fluid on expansion is dependent on the initial temperature, the 
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final temperature being fixed, the relation between them being 
given by the equation — 

t;2 = A;i . {01 - 02) 

ki being a constant. 
Therefore, we have — 

S = jfca (^1 - 02)^ . S . /o 

but, in any one machine, s, the rotor surface, is constant ; 
and as 02 is fixed, p, the density of the medium, is also constant. 
Therefore — 

S = K (^1 - ^2)^ 

Now, work done on expansion — 

W = C,{0i-02) 
Therefore, percentage of work lost in friction — 

Cp (^1 — 02) 
= ^ V^l - 02 

= fiV0i-02 

fx being a constant. 

In the diagram (Fig. 36) is plotted in the dotted curve, KL, 

the relation, x = fi \0i — 02, in the form of percentage loss 

due to friction against initial temperature, 02 being assumed 
constant at 500° C, and S to be equal to 10 per cent, of the 
" indicated " work at 800° C. This diagram and the succeeding 
one are drawn for the single -fluid turbine only. 

It will be seen that an increase in the initial temperature 
of the system demands an increased ratio of expansion, as 
the temperature after expansion, 02, remains constant. That 
is to say, the negative work is increased, a higher compression 
has to be effected, and the pump, therefore, has to run at an 
increased peripheral speed. Thus, in considering the effect of 
frictional losses with rise in initial temperature, it must 
be borne in mind that an increase in frictional loss occurs 
both in the positive turbine unit and in the negative pump 
unit. 



80 



THE GAS TURBINE 



X 






/S 
/9 

i7 
tS 

/S 

fZ 

// 

/O 

9 

8 

7 
6 

s 

4 
J 

a 




9O0* 



roao* 



fJiOO' 



Atao 



TEMPERATURE C 



Fig. 36. — Diagram showing Change in Overall Efficiency with Rise in 
Initial Temperature, taking into account Frictional Losses. 
(Single-Fluid Turbine.) 5 = 10 per cent. Wq at 800° C. 

Now, the work done by the pump — 

0) = pqVq loger 
where r is the compression ratio. 
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Since, however, the compression ratio in the pump is the 
same as that in the turbine— 

and — 

O) = PqVq lOge i^j 7^1 

we may take it that the peripheral velocity of the pump rotor 
is proportional to the square root of the work done ; or — 

but the frictional loss in the pump, Sp, is proportional to the 
cube of the velocity. Therefore — 



3 

Sp = Tc\ uy^ 



Let it be assumed that at an initial temperature of 800® C. 
the total losses in the turbine amount to 30 per cent, of the 
indicated work, and that 10 per cent, of the indicated work is 
loss due to friction. Let it be assumed, also, that iu the 
rotary compressor the losses amount to 30 per cent., and that 
two -thirds of this loss is caused by disc friction. Let W be 
the work done by the turbiae, and © the work done by the 
pump. Then, the overall efficiency — 



E = 



(.8W-S)-(-^ + S,) 



where h is the heat lost from the regenerator ; taking the exit 
temperature of the regenerator at 215*^ C, A = 50 T.U. 

In Fig. 36 the graph AB shows the change la overall efficiency 
with S and hp assumed constant. The curve AD shows the 
change with h and h^ varying in accordance with the formula 
quoted above. 

There is another factor, however, which affects the overall 
efficiency with rise iu initial temperature which has not yet 
been taken into account. This is the heat loss due to radiation 
from the combustion chamber and other parts of the fluid 
path. This loss is proportional to the fourth power of the 
absolute temperature, or — 

s' = jfcs . e^\ 

G.T. G 
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Fig. 37. — Diagram showing Change in Overall Efficiency with Rise in 
Initial Temperature, taking into account both Frictional and 
Radiation Losses. (Single-Fluid Turbine.) 5 = 10 per cent. 
Wo at 800° C. ; 8' = 6 per cent. Wo at 800° C. 

This relation is shown by the dotted curve MN (Fig. 37). 
The graph AB in Fig. 37 is the same as the graph AB in 
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Fig. 36. Taking the heat loss S' into account, in the equation 
for overall eflBciency we have — 



E = 



C8W-s)-(i^ + s,) 



W + h + 8' 

This relation is plotted in the curve EF. It will be seen 
that a point is eventually reached at which any increase in the 
initial temperature merely produces a lowering of the overall 
efficiency of the machine. 

From the above review of the possibilities of the mixed-fluid 
constant-pressure gas turbine the following generaUsations may 
be inferred. First, that neither with the single-fluid turbine 
nor with the mixed-fluid turbine is it advantageous or eco* 
nomical to work beyond a given limit of temperature and 
expansion ratio ; and that these limits are probably below 
those fixed by constructional limitations. Secondly, that 
with the mixed-fluid turbine the most efl5cient value for the 
expansion ratio lies under ten, and therefore it is obviously 
more economical, as well as more convenient on every count, 
to work the turbine entirely below the atmosphere, more 
especially as the frictional losses in both turbine and pump 
vary directly with the density of the medium in which the 
rotors rotate. And thirdly, that in the case of the mixed- 
fluid turbine the troublesome question of radiation losses is 
avoided, and that, as the turbine in question is of necessity 
sub-atmospheric, it may be possible to use the gases from the 
producer (in the case of gaseous fuel) without previous cooling 
and so save something of the 16 to 20 per cent, producer loss 
which is largely due to the initial cooling of the gas. This 
matter is discussed more fully in Chapter VII. 

There is one important disadvantage possessed, or likely to 
be possessed, by the steam-and-gas turbine, and that is the 
possible formation of sulphuric acid brought about by the 
reaction of the sulphur contained in the gas with the water 
with which the gas is mixed. This question, together with 
the methods by which it may be possible to counteract the evil, 
is considered separately, in Chapter VII. This difficulty also 
occurs in some cases with oil fuels. More is to be said of the 
part played by oil fuels in the question of the gas turbine later ; 
it need not be discussed here. It might, however, be not out of 

G 2 
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place to convert the overall efficiency of the steam-and-air 
turbine, described on pp. 61 — 66, into lbs. of oil burnt per 
horse-power per hour. The overall efficiency in question 
amounted to 28«5 per cent. Let the thermal value of the oil 
be taken at 10,000 T.U. per lb. Then, assuming the furnace 
losses to be nil, the consumption of oil equals '5 lb. per brake 
horse-power per hour. Assuming there to be a loss in the 
furnace of 5 per cent., and it must be remembered that, owing 
to the water- jacketing, this loss must of necessity be small, the 
oil consumption is raised to -523 lb. per brake horse-power per 
hour. 

This concludes the general survey of the constant-pressure 
gas turbines. Certain evolved types of mixed-fluid turbines 
will be considered in the next chapter, and a more detailed 
analysis of the construction and working, and of the accessory 
machinery to these types of gas turbines, will be considered in 
Book II. 



CHAPTER IV. MIXED-FLUID TURBINES : DERIVED 

TYPES 

In the last chapter the question of the addition of steam to 
the constant-pressure, internally-fired gas turbine was investi- 
gated. In the type therein discussed the steam was not only 
added to the system but actually mixed with the products of 
combustion themselves, a composite working fluid being thus 
produced which was expanded through the turbine. The 
appUcation of steam (or other condensible fluid) to other types 
of constant-pressure gas turbines is to be now considered, as 
well as that particular case of the mixed-fluid constant-pressure 
gas turbine in which the steam is expanded separately-whoUy 
or in part — ^from the products of combustion. 

It is, of course, possible to conceive a constant volume or 
explosion gas turbine working with the addition of steam — 
either as a constituent of the working fluid or expanded 
separately as an adjunct to the system. As a matter of fact, 
this latter is actually what is done in the Holzwarth turbine — 
the only explosion turbine that has given anything approaching 
reasonable economy in actual trial. • In the turbine in question 
the waste heat from the gases after expansion on the turbine 
wheel are led into a regenerator, where the waste heat is 
abstracted in raising steam, which is used on a separate turbine 
wheel to drive the pump that undertakes the initial compression 
of the explosive mixture. It is, however, not convenient to 
treat such under the head of mixed-fluid turbines. It is 
considered separately in the following chapter as a simple 
constant-volume gas turbine. The addition of steam to the 
explosion turbine has really only an accidental and not an 
absolute value. It may be convenient so to do ; it is not 
efficient so to do, for the negative work in turbines of this type 
is absent (Lenoir type — Karavodine turbine) or else small 
compared to the positive work (Otto type — ^Holzwarth turbine) 
and the addition of steam does not minimise the percentage of 
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negative work sufficiently to compensate for the inferior 
thermal efficiency of the steam. 

The derived types of mixed-fluid turbines other than the 
type considered in the preceding chapter may be examined 
under the four following heads : — 

I. The application of steam to the extemally-fired 
constant-pressure turbine. 

II. The appUcation of steam to the internally-fired 
constant-pressure turbine in which steam expansion takes 
place on separate wheels. 

(a) Steam expanded separately in whole. 
(6) Steam expanded separately in part. 

III. The approach to the ideal of isothermal expansion : 
interheating. {Note. — This hardly falls under the head of 
** derived mixed-fluid systems," but it is a mixed-fluid turbine 
type and may be conveniently treated here.) 

IV. Mixed-fluid turbines using other condensible fluids than 
steam. That is SO2, etc. 

Of these four types, the only ones that afforded eflSciencies 
consonant with those of other prime movers are types II. (6) 
and III. Types I., II. (a), and IV. are of theoretical interest 
only. 

I.— THE APPLICATION OF STEAM TO THE EXTERNALLY- 
FIRED CONSTANT-PRESSURE TURBINE. 

In considering the extemaUy-fired gas turbine it was seen 
that the type in which the cycle was " open," the expansion 
super-atmospheric and the regeneration complete, approached 
nearer practicabiUty in working than any other kind. The 
restricting of the upper temperature hmit, however, to that 
value necessitated by the resisting power of the tubes used in 
the furnace, caused the negative work to bulk too largely in the 
system and to produce a consequently low eflSciency. If, 
however, part of the positive work is undertaken by steam, the 
negative work becomes a less percentage of the positive work, 
and an increase in efficiency is obtained. The question is 
analysed in the following manner. 

Let the maximum temperature of the air used as the working 
fluid be 500° C. ; let a temperature difference of 160° C. be 



MIXED-FLUID TURBINES: DERIVED TYPES 87 

required to effect the flow of heat through the furnace tubes. 
This makes the temperature of the gases entering the furnace 
650° C. and the temperature of those same gases leaving the 
furnace 165° C. The combustion mixture entering the furnace 
is assumed to be of a thermal value of 550 T.U. per lb. The 
temperature of the heating fluid is lowered to a temperature of 
650° C, at which it enters the tubular heater by raising steam. 
Heat is further abstracted from the furnace gases after passing 
through the air heater by means of a feed- water heater ; the 
temperature therein being lowered from 165° C. to 115° C. 




Fig. 38. — Externally-Fired, Constant-Pressure, Mixed-Fluid Turbine. 

The steam raised by the surplus heat of the furnace gases is 
expanded on a turbine wheel. The air passing through the 
heater is initiaUy compressed by a rotaiy pump, expanded in 
the air turbine, and exhausted direct into the furnace. A 
diagrammatic representation of the system is shown in Fig. 38. 
Let it be assumed that the steam added is expanded from 
150 lbs. to 1 lb. The thermal efficiency of steam expanded 
between these Umits is 28-3 per cent. If the eflSciencies of the 
turbine and boiler be each taken at 70 per cent., the overall 
efficiency of a steam turbine installation under these conditions 
is 13*9 per cent. The steam adjunct to this air turbine is in 
the same category as the above steam turbine and boiler plant ; 
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the steam and air turbine under consideration must, then, 
give a final overall efficiency greater than 13*9 per cent., 
greater, that is, than the efficiency of the steam alone, if the 
addition of the steam is to be of any use. The final overall 
efficiency of the combined turbine must also be greater than 
the efficiency of the turbine under the same conditions, provided 
no steam had been added. As, however, without the addition 
of the steam the air turbine would possess a negative efficiency 
{vide p. 24), that is, that the turbine would not even turn round, 
there is plenty of surety for the steam addition on this count. 

Let the thermal value of the products of combustion be, as 
before, 550 T.U. per lb. 

Then the heat given up to the air passing through the 

heater — 

Hi = Cp (650 - 165) = 121 T.U. 

The furnace gases leave the feed-water heater at a tempera- 
ture of 115° C. Therefore heat to waste equals 25 T.U. 
Therefore, heat left to raise steam — 

Ha = 550 — 121 - 25 = 404 T.U. 

Taking it that, approximately, 1 lb. of air is required for 
the combustion of 1 lb. of gas, one half of the exhaust from the 
air turbine may be used for this purpose, and all the residual 
heat in that half may be recovered ; it may be assumed that 
the other half of the heat of the exhaust goes to waste. 

Let the number of the expansions in the furnace be six. 
The temperature then of the exhaust from the turbine would 
be 197° C. This would give a heat recovery of 23 T.U. 

The work done by 1 lb. of steam from 150 lbs. to 1 lb. is 
176 T.U. The heat required to raise this steam is 623 T.U. 
per lb. 

Therefore quantity of steam raised is — 

Therefore the work done by the steam is 114 T.U. The work 
done by the air is 76 T.U. This gives a total positive work of 
190 T.U. 
Negative work — 

Wn = ^ log* r = 18-7 loge 6 = 335 T.U. 
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Nett heat put into system — 

H = 650 - 23 = 627 T.U. 
Therefore 

190 — 33-6 on rr X 

71 = -_rr_^^ = 29*7 per cent. 

Taking the value of the thermodynamic efficiencies of 
turbine and pump to be each 70 per cent., we have a final 
value for the overall efficiency — 

E = 16*1 per cent. 

This is far too low a value to stand in competition with 
overall efficiencies given by other types of gas turbines and 
prime movers, but it is interesting to note the rather paradoxical 
result that by combining with the steam turbine a type of 
gas turbine giving by itself a negative efficiency, the final 
overall efficiency of the combined systems is higher than that 
of the steam plant taken by itself. 



II. THE APPLICATION OF STEAM TO THE INTERNALLY- 
FIRED CONSTANT-PRESSURE GAS TURBINE IN 
WHICH THE STEAM EXPANSION TAKES PLACE 
ON SEPARATE WHEELS. 

(a) Steam Expanded Separately in Whole. 

Suppose that in an ordinary single-fluid constant-pressure 
turbine the pump, instead of being driven by a gas turbine 
unit, is driven by a steam turbine. Let this steam power 
unit be entirely independent of the gas turbine, and let the 
steam expand between the pressures of 150 lbs. and 1 lb. 
This gives a thermal efficiency of 28*3 per cent. If the boiler 
and turbine be each taken at 70 per cent, efficiency, we have, 
as before, an overall efficiency for the plant of 13-9 per cent. 

Let the expansion ratio in the gas turbine be ten, and the 
initial temperature be 1,200° C. Then positive work done by 
the products of combustion equals 172 T.U. 

The work done by the pump per lb. of fluid pumped is 
43 T.U. This is driven by the steam turbine. The pump 
thermodynamic efficiency is 70 per cent., the overall efficiency 
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of the system driving it 13-9 per cent. Therefore, heat 
expended in driving the pump— 

, _ 43 

•7 X 139 

Therefore — 

A = 442 T.U. 

This may be regarded simply as a heat loss. 

Let the regeneration be calculated on the same basis as that 

for the single-fluid constant-pressure turbine discussed in 

Chapter II. (vide p. 33). Then heat lost in waste gases 

equals 60 T.U. per lb. of fluid. Therefore total heat put into 

system — 

H = 172 + 50 + 442 = 664 T.U. 

Work done by gas turbine at 70 per cent, thermodynamic 

efficiency equals 120 T.U. Therefore overall efficiency of the 

system — 

E = 120/664 = 18 per cent. 

Here, again, it will be noticed that the overall efficiency is 
not as great as it is in the preceding types discussed. The 
deficiency is more easily explainable when it is seen that the 
thermal efficiency of steam expanded from 150 lbs. to 1 lb. 
without superheat is 28«3 per cent., while in the case of steam 
expanded from 15 lbs. to 1 lb. and superheated to a temperature 
of 1,117° C. the thermal efficiency is 31-2 per cent., and also 
that the 30 per cent, boiler loss which occurs in the first case is 
avoided in the latter. 

It may also be noticed that the above system is parallel to 
that of Holzwarth, the only difference being that, in the latter 
case, the heat is introduced into the working fluid of the gas 
turbine at constant volume instead of at constant pressure. 

A diagrammatic illustration of the constant-pressure, 
internally-fired gas turbine, with a steam-driven pump, is 
shown in Fig. 39. 

(b) Steam Expanded Separately in Part. 

In the sub-atmospheric type of mixed-fluid turbine consi- 
dered in Chapter III. the steam that is added to^ the products 
of combustion is at atmospheric pressure during evaporation 
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in the furnace and regenerator. The pressure, however, of 
the steam in the fuma<;e-jaGket and in the regenerator (vide 
Fig, 29) is, in actual fact, arbitrary. The steam may be 
evaporated at a pressure above the atmosphere, and then, 
after expansion to the atmospheric pressure through a suitable 
wheel, be added to the combustion products in the furnace. 
A turbine so designed is clearly an evolved type from the 







—Internally -Fired, Constant -Pressure, Mixed-Fluid Turbine. 
Air Turbine, Sub-Atmoapheric. Steam expanded separately 
throughout the whole Cycle. 

sub-atmospheric turbine of Chapter III. Indeed, the turbine 
can be so designed as to admit of the use of a high-pressure 
steam wheel or not, as the user of the plant may determine. 
The sj^tem of partial separate steam expansion is shown 
diagrammatically in Pig. 40. The products of combustion 
evaporate steam in a high -pressure boiler — or the equivalent 
of such — and the steam thus generated is expanded down to 
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the atmospheric pressure in a suitable turbine. The exhaust 
from this turbine mingles with the products of combustion 
from the boiler-flue and the composite fluid thus produced 
expanded down to the terminal pressure, the requisite difference 
in pressure being maintained by a rotary pump. The exhaust 
gases from the low-pressure turbine pass through a regenerator, 
from which the high-pressure boiler is fed. 

A system of this nature the author beUeves to be the most 
ejficient possible among gas turbines of all denominations 
within the limits of pressure, temperature and expansion ratio 
(and even beyond these Umits) set by practice. 

The efficiencies of this type of turbine may be estimated on 
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Fig. 40. — Internally-Fired, Constant -Pressure, Mixed-Fluid Turbine. 
Steam expanded separately only in high-pressure stage. 

the same basis as those of the sub-atmospheric, constant- 
pressure, internally-fired, mixed-fluid turbine. 

Let the pressure in the high-pressure boiler be 150 lbs. per 
square inch. Let the low-pressure steam and gas turbine 
work between the pressure Umits of 15 lbs. and 1'5 lbs. Let 
the initial temperature in the furnace be, as before {vide p. 56), 
1,390° A. 

The Quantity of Steam Added. — This is found by the usual 
formula — 

2/ . m = H - C,a (^1 - ^o) + (^1 - h) (C,a + C,, . y). 

m here equals the quantity of heat required to raise 1 lb. 
of steam from the condenser temperature to the maximum 
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temperature and pressure. This gives a value for m of 
1,101 T.U. Taking the value for other constants in the 
equation, as given on p. 67, the value of y becomes -41 lb. 
The work done by 1 lb. of steam expanded from 150 lbs. down 
to 15 lbs. without superheat is 93 T.U. The work done by 
1 lb. of steam expanded from 15 lbs. to 1*5 lbs. superheated to 
1,390° A. is 352 T.U. Work done by 1 lb. of air {vide p. 67) 
is 172 T.U. and the negative work on the pump 43 T.U. Then 
total positive work in the system is — 

W = -41 (93 + 352) + 172 . T.U. 
= 354 T.U. 

The total heat put into the system is 550 T.U. 

Therefore — 

364 — 43 -c /J . 

7) = = 56'6 per cent. 

' 660 ^ 

and the overall efficiency, taking the thermodynamic 
eflSciencies of the pump and turbine to be each 70 per cent. — 

E = 34 per cent. 

This is the greatest efficiency that we have so far found to 
be attainable within those definite Umits that have been 
adopted as coincident with those of practice. It signifies a 
saving of 16-2 per cent, in fuel consumption on the mixed-fiuid 
turbine of Chapter III., and shows a fuel economy equal, if 
not superior, to that of the best Diesel engines. 

This overall efficiency of 34 per cent, represents, if oil fuel 
be used, a consumption per brake horse-power per hour of 
•414 lb. of oU, taking the calorific value of the oil to be 
10,000 T.U. per lb. If the thermodynamic efficiency of the 
turbiae can be raised to 75 per cent., the overall efficiency 
becomes 37-5 per cent, and the consumption of oil -376 lb. 
per brake horse-power. This is a less fuel consumption than 
any known prime mover in actual work. 

Taking coal at a calorific value of 750 T.U. per lb., and a 
gas producer efficiency of 84 per cent. (Mond Gas Producer), 
the fuel consumption in the case, E = 34 per cent., becomes 
•66 lb. of coal, and with E = 37-5 per cent., -59 lb. In the 
case of the sub-atmospheric turbine working between the same 
limits, but without the high-pressure steam wheel, the fuel 
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consumption is '11 lb. of coal or -5 of oil (assuming the thermo- 
dynamic efficiencies of the turbine and pump to be each 
70 per cent.). 

The appUcation of the high-pressure steam wheel to the 
sub-atmospheric turbine described in Chapter III. is shown in 
Fig. 41. The design is essentially the same as that shown in 
Fig. 29. The steam wheel, however, is so arranged as to allow 
of uncoupling from the main turbine shaft. The steam from 
the furnace jacket can then be bye-passed direct into the 
furnace and the turbine run sub-atmospherically, without the 
use of the steam wheel. The steam wheel is placed close to 
the furnace at the back of the main turbine. The coupUng, 
necessary bearings, thrust-block and governor pmion, are all 
carried above the boiler, between the two turbine wheels ; 
in this manner considerable space is saved at the driving end 
of the turbine. The rest of the design is precisely the same as 
in the low-pressure turbine, the furnace and regenerator 
merely being made of that strength necessary to withstand 
the pressures adopted. 

The steam wheel, of course, becomes smaller in diameter 
than the main turbine wheel. The velocity of the steam — 

V = VW.2gr. J. 

W equals 93 T.U. and this gives a value for v of 2,900 ft./sec. 
compared to the velocity of the gases on the main turbine 
wheel of 4,490 ft./sec. The addition of the steam wheel also 
affords a ready and sensitive means of governing ; this will be 
more fully discussed in Chapter VII. 

III. THE APPROACH TO THE IDEAL OF ISOTHERMAL 

EXPANSION : INTERHEATING. 

If, in the constant-pressure, single-fluid gas turbine of the 
internally-fired type, the expansion as well as the compression 
were to take place isothermally, the cycle known as the Erricson 
cycle, and referred to in Chapter II., would be secured. This 
is a heat cycle that gives the same thermal efficiency as the 

Camot, viz., — ^-7p — ^ equals -q. 

As has been already pointed out, the achievement of 
isothermal expansion is not permissible. One step in that 
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direction can, however, be secured, and a condition of expan- 
sion brought about between that of the true iBOthermal and 
true adiabatic transformations. This is achieved by a system 
of reheating the working fluid after it has undergone a certain 
temperature drop due to adiabatic expansion. The oftener 
the reheatiog talies place during the adiabatic expansion of 
the fluid, the more nearly does that expansion approach to the 
isothermal ; in the limit the expansion, of course, becomes 
isothermal. 

Fig. 42 shows this effect of reheating on the pressure-volume 
diagram. The " PV " dia^am is drawn for ten expansions. 




Pig. 42. — " PV " Diagram, showing Effects of Beheating. 



with a value for 7 of 1'38, and is similar to the diagram in 
Fig, 10. The curve ES represents the isothermal expansion 
of the gas, the curve EF the adiabatic expansion. The 
curve GB represents the isothermal compression of the pump. 
If isothermal expansion were complete, the work done by the 
gas would be represented by the area AEST ; if the expansion 
were wholly adiabatic, by the area AEFT, Suppose the gas 
to expand adiabatically for every lb. drop in pressure, but 
that at the end of each lb. drop heat be introduced from 
some external source to raise the temperature of the gas to 
the initial value. The work done by the gas would then be 
represented by the area AEST mimis those areas shown black 
on the diagram. Imagine, however, that heat be introduced 
at one point only during the adiabatic expansion of the gas. 
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for instance, when the gas has expanded from 10 to 3. The 
gas being then raised to the initial temperature the volume is 
increased from XR to XQ ; further adiabatic expansion then 
occurs along QH. The work done in this instance is represented 
by the area AERQHT ; and extra work gained by the reheating 
by the shaded area RQHF. Fig. i'i is a temperature-entropy 
dia^am showing these same effects of reheating. The work 
done with complete isothermal expansion is represented by the 
area AQBK ; that with adiabatic expansion by the area 



Fig. 43. 




Diagram, showing the EfEecte of Reheating. 



AQRK. If the reheating is frequent, the work done is repre- 
sented by the area AQBK, minus the portions of the diagram 
shown in black. It the reheating takes place at one point only, 
the work done is represented by the area AQSPTK, and the 
extra work added by the process by the shaded area SPTR. 

The extra heat put into the system is, of course, shown by the 
areas Ijang beneath the curves SP and RB, or the horizontal 
QB. 

At first there would seem to be a loss in the process, owing 
to the fact that the quantity of added heat, QPXN, is utilised 
at a less efficiency than the original quantity of heat, AQNE. 
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This would be the case were there no regeneration. But with 
regeneration the quantity of heat to waste remains constant 
(theoretically) whether heat be introduced during adiabatic 
expansion or no. In the case of the steam-and-gas turbine, 
using a steam regenerator, the exit temperature of the waste 
gases was computed at 116° C. This loss of heat is shown in 
the diagram by the areas GHFD, dc/X, ofecN, according as the 
expansion is isothermal (or approximately so), receptive of 
one reheating, or wholly adiabatic. The areas are equal. 
Fig. 43 is drawn for the same conditions as Fig. 11 {q.v.). 
The efiEect of reheating with superheated steam is similarly 

shown in the tempera- 
ture-entropy diagram for 
steam. Fig. 44. 

The scheme of reheat- 
ing the working fluid 
during adiabatic expan- 
sion is by no means new, 
and a patent (No. 24,781) 
was taken out in 1902 by 
de Ferranti. The pro- 
posals therein made re- 
ferred rather to the steam 
turbine than to the gas 
turbine, and the reheat- 
ing was frequent. The 
steam was led through 
tubular heaters between 
the turbine elements. 
In this manner a condition approaching that of isothermal 
expansion was attained. Whether such a system of reheating 
through the medium of tubes is likely to be at all practicable 
with regard to steam may be doubtful, but there is certainly 
no doubt but that the process is inadmissible with the gas 
turbine. The lower limit of temperature of the fluid is, in 
the gas turbine, about 500° C, and to raise gases at such a 
temperature to any higher value would be impossible by means 
of a tubular heater — the temperatures involved being too great 
for the resisting power of the metal. If, therefore, there is to 
be any reheating of the working fluid, it must be effected by 




Fig. 44.-— **©♦" Diagram for Steam, 
showing the Effect of Reheating. 
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the internal, and not by the external, application of heat. 
The only ejficient way in which heat can be introduced into a 
system by internal appUcation is by the introduction of the 
fuel at atmospheric pressure into a system working with an 
expansion range both above and below the atmospheric 
pressure. In this instance no loss is experienced owing to the 
necessity for initial compression of the added fluid, as would 
be the case were the addition to occur at any other pressure 
than that of the atmosphere. 

It is thus plain that only one operation of reheating can take 
place, viz., when the working fluid has been expanded down to 
the atmospheric pressure. 

Let it be assumed that the same expansion occurs above tjie 
atmosphere as below. It will be observed that in a system of 
this sort, the pumping plant has to be in dupUcate, one pump 
acting as compressor, the other as exhauster. As additional 
fluid is introduced into the system at atmospheric pressure, 
the exhausting pump must be of an increased capacity. Let 
the total range of the expansion be twenty-five expansions, 
five above and five below the atmosphere. To attempt 
larger expansion ratios than this would incur the use of pressures 
too high for the efficient working of a rotary pump. The 
consideration of the steam-and-gas turbine under these 
conditions may be undertaken in the following manner. 

As before, let the temperature of the gases after expansion 
be 500° C. This is the temperature of the gases at atmospheric 
pressure after the expansion from 75 lbs. absolute. Assuming 
the value of 7 for the products of combustion to be 1*38 and 
that for steam to be 1-3, and taking an arbitrary value for the 
quantity of steam added at '5 lb. (in reaUty -606 lb.) we get 
an approximately correct value for the initial temperature of 
1,180° A. or 907° C. 

The work done by the steam in expanding from 75 lbs. to 
15 lbs., at a superheat of 907° C, is 254 T.U., and the work 
done by the steam from 15 lbs. to 1*5 lbs. with the same super- 
heat is 269 T.U. Therefore, the total work done by 1 lb. of 
steam throughout the system equals 523 T.U. The work done 
by 1 lb. of the products of combustion in each half of the 
expansion range is 105 T.U. 

The Quantity of Steam added, — The formula used above 

H 2 



! : ... : • ? 
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{vide p. 57) to obtain the value of the weight of steam added 
will not be permissible here, for there is an unknown quantity 
in the weight of fuel added after the initial expansion has taken 
place. Let this value be x. 
Then, we have — 

Substituting the values found above, we have — 

y = '5Z + 'Ux. 

To find the value of x we have the equation — 

Substituting the values as before, we have — 

y = l'6x — '5. 

We thus have a simultaneous equation for the values of x and 

y> giving— 

X = -690 

and y = -606. 

Therefore, total negative work done on pump — 

Wn = pv. log, -5 X 2-69 
= 81 T.U. 

Total positive work done by the air — 

W^ = 105 X 2-69 = 283 T.U. 

The total work done by the steam in the system — 

W, = 523 X -606 = 320 T.U. 

Therefore total positive work = 603 T.U. 

„ „ negative work = 81 T.U. 

„ heat put in = 550 X 169 = 930 T.U. 

Therefore 

603 — 81 ^^ . 

7] = = 56 per cent. 

930 "F ^ 

And the overall efficiency, taking et=^ep = •? — 

E = 33 per cent. 

It will be seen that here the overall efficiency obtained 
closely approaches that of the steam-and-gas turbine with the 
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high-pressure steam wheel. The ayetem has, however, certain 



It may be asked, if the system of reheating is effective in this 
case of the steam-and-air turbine, would it not be even more 
effective in the ease of the single-fluid, constant-pressure gas 
turbine ? In point of fact, this is not the case. Owing to the 
confinement of the expansion range to five in the initial portion 
of the turbine, the maximum temperature is limited to 927° C, 
taking the temperature on the blades of the turbine to be 
500° C, The overall efficiency (e, = e^ = -7) of the single-fluid 
gas turbine without the reheating, at an initial temperature of 



-C 






927° C, is 18-5 per cent, (this is for twenty expansions ; mde 
Fig, 18), while the corresponding overall efficiency for the 
steam-and-air turbine for the same initial temperature is 
26 per cent, (vide Fig. 34). With reheating the overall efficiency 
of the single-fluid turbine becomes 25 per cent. This means 
that for the single-fluid turbine there is increase of 19'6 per 
cent, in the fuel economy by this reheating ; in the case of the 
steam-and-gas turbine an increase of 21 per cent. Its appHea- 
tion to the single-fluid turbine is, of course, abortive, on account 
of the lowering of the initial temperature and consequently low 
efficiencies. 

The method by which the introduction of the additional 
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heat is effected is simply that of injection of the combustion 
mixture into the exhaust gases from the first turbine wheel. 
The system consists, essentially, of two expansion wheels, a 
boiler, a reheater, a regenerator and two pumps. 

A diagrammatic representation of the system is shown in 
Fig. 45. The fuel is compressed into the furnace of a boiler 
at the same pressure as the steam in the boiler ; the steam 
space and the flue communicate, and the mixed products of 
combustion and steam are led into the high-pressure turbine 
wheel. The exhaust from this is led into the reheater, where 
it mixes with an additional charge of fuel at the atmospheric 
pressure. The gases then pass into the low-pressure turbine 
wheel, are expanded down to the terminal pressure of the cycle, 
and then exhausted through the regenerator. Steam is raised 
in the regenerator at the same pressure as that in the boiler. 
The compression pump, required to compress the fluid into 
the furnace, the exhausting pump, to remove the waste gases 
from the system, and the condenser, to take away the remaining 
heat in the working fluid, are not shown on the diagram. 

IV. MIXED FLUID TURBINES USING OTHER CONDEN- 

SIBLE FLUIDS THAN STEAM. 

Before leaving the question of the mixed-fluid turbine, there 
still remain to be considered turbines of this type employing 
accessory condensible fluids other than steam. 

It must be confessed the ground here is very barren of any 
useful results ; it must, however, be summarily examined, if 
only to weed out and dismiss some cumbrous and unnecessary 
growths. The introduction of other liquids than steam into 
gas turbine systems takes the form of employing the waste 
heat of the exhaust gases to evaporate the liquids in question 
and extract power from them by expansion in a suitable turbine 
wheel. The four substances proposed, other than steam, by 
which regeneration may be effected are, carbon dioxide, 
ammonia, sulphur dioxide and ether. Of these four the first 
two may straightway be put out of court on account of the 
high pressures involved (at the temperature of the boiling- 
point of water the vapour pressure of ammonia is over 200 lbs. 
per square inch, and the pressure of carbon dioxide over 
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1,000 lbs., while the temperature of the exhaust from the gas 
turbine is 600° C), the last on account of its excessive cost, if 
on no other count. The use of sulphur dioxide as a working 
fluid may be put out of court on the grounds of its corroding 
influence, for with the least admixture of water sulphuric acid 
is formed, and the total abolition of water is almost impossible. 
Even were this not the case, however, it is not, from a purely 
thermodynamic standpoint, superior to water. 



CHAPTER V. THE " EXPLOSION " GAS TURBINE 

Of the three possible gas turbine cycles mentioned in 
Chapter I. only one cycle has so far been considered, namely, 
that type of gas turbine— mixed-fluid or otherwise — ^in which 
the heat is taken into the working fluid under the condition of 
constant pressure. The two other conditions of heat absorption 
which are possible are : (1) heat taken in at constant volume ; 
(2) heat taken in at neither constant volume nor constant 
pressure, but during some thermodynamic state between these 
two. 

The process of introducing heat at constant volume into a 
gas by any process of external heating through metal walls 
is conceivable but plainly inadmissible in practice. Such need 
not be considered. The introduction of heat has, then, to 
be brought about by internal appHcation. That is to say, the 
combustion mixture has to be ignited in a chamber (closed or 
otherwise). For this reason it has seemed best to class this 
type of turbine under the title of ** explosion " gas turbines. 

The two cycles in the explosion turbine mentioned above 
take place according as the turbine has the explosion chamber 
'' closed " or ** open." In the first case, the explosion occurs 
behind a valve, and the products of combustion are not 
admitted on to the turbine wheel until the explosion has ended 
and the maximum pressure has been reached. In the latter 
case the explosion takes place behind a column of still air, in 
an open chamber or a long tube, the back end of which is 
closed and the front end open on to the turbine wheel. In 
this case the pressure and volume of the gas actually change 
while the heat is being introduced into the fluid. 

The most striking departure in turbines of the explosion type 
from those of the constant-pressure type is that the pressure 
drop upon the turbine wheel falls from a maximum value to 
zero, that the velocity on the blades varies, therefore, between 
maximum and minimum values, and the impulse on the turbine. 
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instead of being continuous, is periodic. The nature of this 
periodicity, and the losses consequent upon it, will be considered 
later. 

It is convenient, as well as more logical, to consider the two 
cycles of the explosion turbine separately. The closed chamber 
heat absorption at constant-volume type will be considered 
first, as it is more efficient, and has been more investigated than 
the open-chamber type. Though, from a purely chronological 
point of view, the latter has precedence. 

THE CLOSED-CHAMBER EXPLOSION TURBINE. 




Heat Taken in at Constant Volume. 

A mixture of combustible gas and its requisite proportion of 
air is ignited in a chamber the 
exit from which is closed by 
meansof a valve control. When 
the liberation of heat conse- 
quent upon the chemical com- 
bination has raised the fluid to 
a maximum pressure, the valve 
is opened, and the products of 
combustion allowed to expand 
upon the turbine wheel, down 
to the atmospheric pressure — 
or to any arbitrary terminal 
pressure adopted . The remain- 
ing heat from the exhaust gases 
is removed by a condenser or heat sump (regenerative or 
otherwise). 

The gases may undergo initial compression, previous to 
ignition, or there may be no previous compression, as in the 
old Lenoir gas engine. The cycles are shown on the " PV " 
diagram in Fig. 46. 

(a) No Initial Compression. — Heat is taken in at constant 
^ volume along ab ; adiabatic expansion occurs along be ; heat 

is abstracted at constant pressure along ca. 

(b) With Initial Compression. — The gases are compressed 
isothermally from d to e (or adiabatically from dtof); heat is 



Fig. 46.—" PV '' Diagram for 
Cycle II. 
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introduced at constant volume from /to 6 ; adiabatic expansion 
occurs from 6 to c, and rejection of heat at constant pressure 
along cd. It will be noticed that these represent the ordinary- 
gas engine cycles — Lenoir or Otto — with the following important 
variations : (1) the rejection of heat at constant pressure — not 
at constant volume ; (2) initial compression is isothermal 
instead of being adiabatic. The reasons for the adoption of the 
isothermal rather than the adiabatic compression applies here 
as in the case of the constant-pressure gas turbine ; they need 
not be reiterated here ; the reader is referred to pp. 17, 18. 
The point has not the instancy here that it has with the 
constant-pressure turbine. 

The same cycles are shown in Fig. 47 on the entropy-tempera- 
ture diagram. Absorption of 
heat at constant volume takes 
place along ab ; adiabatic ex- 
pansion along be; rejection of 
heat at constant-pressure along 
ca. If initial compression takes 
place, the expansion is in- 
creased to 6c' ; the rejection of 
heat at constant-pressure occurs 
along c'd, and the isothermal 
compression along da. 

It will be seen that, in the 
case of no initial compression, 
the work done by the cycle is 
represented by the space lying 
between the curves for heat- 
absorption at constant volume 
and heat absorption at con- 
stant pressure, the boundary line to the right of the diagram 
being made by a vertical, whose position is determined by 
the initial temperature in the combustion chamber. This is, 
of course, on the purely theoretical assumption that there is 
no loss due to " contraction " (vide infra) or to any extraneous 
heat flow. 

Before consideration of the explosion gas turbine as a heat 
engine it may be as well to devote a few paragraphs to a brief 
survey of the conditions of explosion in closed vessels. 




Fig. 47. — " 0* " Diagram for 
Cycle II. 
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EXPLOSION IN CLOSED VESSELS. 

Unit weight of hydrogen gas gives, upon combustion with 
oxygen, 34,170 T.U. Now the combustion of 1 lb. of hydrogen 
produces 9 lbs. of water. If we take ther specific heat of steam 
at constant pressure to be '48, and to be constant over the 
temperature range involved, we get a theoretical temperature 
for the combustion of oxygen and hydrogen, under a constant 
pressure, of — 

T = 44^ = 7,910° C. 
•48 X 9 

The latent heat of the formation of steam has, however, to be 
taken into account, therefore the true theoretical temperature 
of combustion becomes — 

T = ^^>\^f ""^^^ = 7,785° C. 
•48 X 9 

If we assume the combustion to have taken place in a closed 
chamber, we must substitute the specific heat at constant 
volume for the specific heat at constant pressure, viz., the 
value '37 for -48. This gives a theoretical temperature of 
explosion of 10,120° C. With the combustion of carbon in 
oxygen the temperature is even higher, reaching, under 
conditions of constant pressure, a temperature of 10,174° C. 
Thus the combustion of a mixture of oxygen and hydrogen in 
a closed chamber, in the proportion of their combining weights, 
should produce a pressure of 10,393/273 or 38* 1 atmospheres, 
or a pressure of 660 lbs. per square inch. 

In actual fact, neither the temperatures nor pressures 
calculated above are produced. The failure to attain to these 
temperatures is due to the phenomenon known as dissociation. 

DISSOCIATION. 

It has been asserted by Ostwaldt that every chemical action, 
no matter what its nature, is really a '* reversible " reaction, 
and that the direction in which the action proceeds depends 
only upon the conditions of pressure and temperature under 
which the action is taking place, and that the apparent 
disavowal of this thesis in particular cases is but due to the 
fact that the range of physical conditions has not been suffi- 
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ciently extended. In the case of combustion — or, to confine 
it to a particular case, with the combination of oxygen and 
hydrogen — the action is reversible well within the observable 
temperature range. The equation — 

2H2 + 02 = 2H2O 

must be written in the form — 

2H2 + O2 ; >- 2H2O 

the direction in which the chemical reaction occurs depending 
upon the temperature. 

Reaction between oxygen and hydrogen will take place at 
even so low a temperature as 300° C, though several days are 
required to produce a small quantity of water. At 618° C. 
the union is complete after several hours. At 600° C. the 
action is rapid, but not explosive. At 700° C. the combination 
is almost instantaneous. Thus the action continues in this 
direction up to about 960 to 1,000° C. At this temperature the 
reversibility of the action appears (Deville) ; in other words, 
*' dissociation " commences, and as the temperature rises above 
this value, the action begins to take place in the other direction, 
the water formed dissociating into its constituent elements. 
The action, which was before exothermic, now becomes 
endoihermic, and a balance is soon reached. A limit is thus set 
to the maximum temperature possible upon combustion 
considerably lower than the calculated value. Deville's 
experiments on the temperature of the oxy-hydrogen flame 
gave a value of 2,800° C. From the experiments of Bunsen 
the highest maximum temperature that can be assumed is 
3,800° C. ; from the experiments of Mallard and Le Chatelier, 
3,500° C. 

THE COEFFICIENT OF CONTRACTION. 

There is yet another matter which affects the possible 
pressure upon explosion, and that is the contraction in volume 
produced by the chemical reaction. In the case of the combus- 
tion of oxygen and hydrogen, for example, we have — 

2H2 + 02= 2H2O 
2 vols. + 1 vol. = 2 vols. 
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Thus the volume of the gases after explosion is one-third 
less than the volume of the gases before explosion. This, of 
course, produces a corresponding lowering of the pressure from 
the value calculated from the temperature. It will be noticed 
that, where the gases are considerably diluted, this ** coefficient 
of contraction " becomes of less account. Thus, if the combus- 
tible gases occupy one-fifth of the total charge, the contraction 
coefficient is reduced from -333 to -066. 

TEMPERATURE OF EXPLOSION : THE IDEAL AND THE 

REAL. 

If a mass of a perfect gas is exploded in a closed vessel, and 
T be the temperature before ignition, and T' the temperature 
after ignition (° Absolute), and p be the absolute pressure 
before and p' the absolute pressure after combustion, we have, 
from Charles' Law — 

T/T' = pIp'. 

This does not take into account the effect of contraction. 
If the coefficient of contraction is k, we have — 

T/T' = iplv') . k. 

In this case, however, the true temperature cannot be 
calculated, as it is unknown how far dissociation has occurred, 
and consequently the amount of contraction is also unknown. 
It can only definitely be stated that the true temperature must 
lie between two values : (1) on the assumption that no con- 
traction has taken place ; (2) on the assumption of complete 
contraction. Let these two temperatures be denoted, 
respectively, by the symbols 6 and 6'. 

6' 

2 vols. H + 1 vol. O 2,449° C. 3,809° C. 

(9*9atmos. abs.) 
2 vols. CO + 1 vol. O 2,612° C. 4,140° C. 

(10*8 atmos. abs.) 

The lower temperature necessitates complete dissociation, 
the higher no dissociation. The actual temperature must he 
between these two figures. 

This matter of the temperature of explosion can best be 
dealt with by taking an actual example under conditions 



110 



THE GAS TURBINE 



pertinent to the gas turbine. Consider a sample of Mond gas 

of the following composition : — 

By volume. 

Hydrogen, Hg . . • • 20*5 



Methane, CH4 
Carbon monoxide, CO 
Carbon dioxide, COa 
Nitrogen, Na 



Air (necessary for combustion) 

Total volume of mixture 
The following reactions take place : — 

2H2+ 02 = 2H20 
2v, Iv. 2v, 
CH4 + 2O2 = CO2 + 2H2O 
\v, 2v, Iv, 2v. 
2C0+ 02 = 2COa 
2v, Iv, 2v. 



2-3 
15-7 
11-5 

49-8 

100-0 
1080 

208-0 



Contraction. 

1/3 



1/3 



Contraction, therefore, occurs with 54-3 volumes out of the 
208 volumes of the explosive mixture. The coefficient of 
contraction, then, for the whole charge, is — 



k = 



543 

3X 208 



= 087. 



The thermal value of the combustion mixture is 550 T.U. 
per lb. The theoretical temperature of the fluid after com- 
bustion is, therefore — 

e = 550/C^ = 3,060° C. 

taking specific heat at constant volume for the combustion 
mixture to be -18. As the thermal value is here reckoned from 
the atmospheric temperature, the theoretical temperature of the 
fluid is 3,075° C. 

Such a temperature is too high to be used in practice. Let 
1,200° C. be adopted as a value for 6. 
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This lowering of temperature must be brought about by 
dilution with air ; to obtain quantity of air added — 

H 



= 



t ^ 



\JrQ -p X ,\J V 



where C^ is the specific heat at constant volume for the products 
of combustion, and C'^ that for pure air, and x the weight of 
air added. 

Therefore, we have — 

1,185 = ^5? . 

•18 + a;.172 

This gives a value for a: of -67 lb. 

Therefore, contraction on total mass of working fluid is — 

h^ = OST/l-e? = 052. 

Thus the temperature calculated from pressure 6 = '948 d\ 
the actual theoretical temperature. 

In the actual experiments made in respect to the tempera- 
tures and pressures of explosions in closed chambers the 
temperatures calculated from the observed pressures differed 
very widely from the calculated values. In the classic experi- 
ments carried out by Mr. Dugald Clerk the observed tempera- 
ture feU to a value of about half the theoretical temperature. 
This can only be accounted for in the following ways : — 

(1) Loss of heat due to radiation and conduction from the 

explosion chamber. 

(2) Incomplete combination due to dissociation effects. 

(3) Increase in specific heat with rise in temperature. 

(4) Divergence from the gas laws ; i.e., Charles' Law, Boyle's 

Law, Van der Waals' equation, etc. 
With the charge so diluted as not to allow of a theoretical 
temperature exceeding 1,200° C. to 1,400° C, the last three 
items should not be of pressing importance. The large insuflfi- 
ciency noted by Mr. Dugald Clerk, even with diluted mixtures, 
and correspondingly low temperatures must be considered to 
arise mainly from the conduction and radiation of heat from 
the explosion chamber ; this factor would also be of more 
moment in such cases where the rate of combustion is relatively 
slow. This loss is, then, of an arbitary nature and controllable 
by insulation, or palliatable by regenerative processes. In the 
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following consideration of the explosion gas turbine as a heat 
engine the theoretical temperatures and pressures * wiU be 
assumed as a basis of calculation, correction being made for 
dissent from theoretical conditions by the introduction into the 
calculations of a factor, assumed at a certain value, and to a 
large extent variable by the control of pecuUar conditions. 

The author feels that, unsatisfactory as such a procedure is, 
still it is the only sane and logical way by which a concrete 
concept of the explosion turbine as a heat engine can be 
achieved. The explosion turbine, of all others, presents the 
greatest difficulty to theoretical analysis, and involves a 
number of assumptions that only actual experiment, and what 
is more, an extended series of experiment, can adequately 
support. 



THE EXPLOSION TURBINE AS A HEAT ENGINE. 

(A) No Initial Compression (Fig. 48). 

A mass of combustible mixture is contained in a closed 
vessel under conditions, To, ^2, ^1, The mass is then ignited, 

Vi remains constant, p2 in- 
creases to pi, To to Ti. 
Heat is taken in, therefore, 
during this stage, at con- 
stant volume. Also we 
have, Pi/p2=Ti/To, the tem- 
perature being measured 
on the absolute scale. The 
gas is then allowed to ex- 
pand from ^^i^i to ^2^2- 
Heat is rejected at constant 
volume from V2 to Vi. The 
work done during the ex- 
pansion is only that por- 




FiG. 48.— *'PV'' Diagram for Explo 
sion Turbine. (No initial com 
pression.) 



tion of the " PV " diagram lying beneath the expansion curve, 
minus the area lying below the line of terminal pressure. This 
is represented by the equation — 



W 



(12 

= I p .dv —p2(V2^ Vi). 
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Therefore we have — 

w = ^^ (1 - 1/r't ) - pov, (r; - 1) 

where po and Vq are the pressure and volume of 1 lb. of the gas 
at atmospheric temperature and pressure, and R is the ratio 
P1IP2 = Ti/T. 

The heat taken into the system is — 

H = Cp (Ti — To) 

Therefore thermal efficiency — 

V = W/H. 

If regeneration is employed, the heat from the exhaust gases 
goes to heat the supply to the explosion chamber ; then, if 
T' is the temperature at which the exhaust gases leave the 
regenerator, the heat lost is — 

A = C,(T'-To) 

and the thermal efficiency — 

_ W 

In a particular case let Ti = 1,440° A. Then R = 6. This 
gives a value for W of 46*2 T.U. 

The heat put in, H, equals 207 T.U. (C„ = • 18). Therefore, 
without regeneration — 

7] = 46-2/207 = 22-3 per cent. 

With regeneration — 

46-2 

V = 



46-2 + 50' 

taking T' = 215° C. (vide supra). Therefore — 

r; = 48 per cent. 

If the thermodynamic efficiency of the turbine be 70 per 
cent., then we get a value for the overall efficiency of 33*6 per 
cent. 

It must be borne in mind, however, that the temperature 
and pressures obtained by gaseous explosion in closed vessels 
always fall far short of the theoretical values ; some factor 

G.T. I 



114 



THE GAS TURBINE 



giving the ratio between the real and the ideal must be chosen 
by which the above-obtained efficiency may be multiplied. 
With the series of experiments conducted by Mr. Dugald Clerk 
this factor was about -6. With precautions against the loss 
of heat by conduction and radiation this value might be 
increased. Let this factor be taken, then, at 70 per cent. This 
gives a final overall efficiency of 23-5 per cent. 

Comparing this to the overall efficiency for the steara-and- 
gas turbine working with the same initial temperature, it will 
be seen that there is 
here a decrease in effi- 
ciency of nearly 20 per 
cent. 

(B) With Initial Com- 
pression (Fig. 49). 
A mass of combusti- 
ble fluid is compressed 
is other mally from a 
condition pai'aTo to one 
of PsViTq. Heat is then 
introduced at constant 
volume until the condi- 
tion pi^iTi is reached. 
Adiabatic expansion 
takes place from piVi to p^Ua, the temperature falling to value 
Ti. Heat is abstracted at constant pressure from Ta to T. 
The work done equals, as before — 

save that R' now equals R.r, where R — Ti/T and r is the 
compression ratio in the pump. Also Vo' equals Vojr ; po is the 
atmospheric pressure. 

The negative work done by the pump — 

W„ = p^vo log, . r — poVo y- j 

since the pump only has to compress the gases into the closed 
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vessel until the maximum pressure is reached, and consequently 
the work done is only that represented by the portion of the 
'' PV " diagram lying underneath the expansion curve minus 
the area below the terminal pressure line. 

Assuming r = 2, and R, as in the former case, equals 5, 
this gives a value for the positive work done by the turbine 
of W = 76 T.U. and for the negative work done by the pump 
of 3-6 T.U. Nett work done by the cycle equals, then, 72-4 T.U. 
The heat put in equals, as in the case of no initial compression, 
207 T.U. Therefore— 

72-4 



If regeneration takes place, we have — 



72*4 
'^ = 72-4 + 50 = ^^ P^^ ^^^*- 

Suppose the pump to be driven by a steam turbine, the steam 
for which is raised by the waste heat from the turbine exhaust. 
With an expansion range of 150 lbs. to 1 lb. the thermal 
efficiency of the steam is 28' 3 per cent. Taking the thermo- 
dynamic efficiencies of the steam turbine and the pump to be 
each 70 per cent, we have heat required for the pump — 

A' = 3-6/139 = 26 T.U. 

If the thermodynamic efficiency of the gas turbine be also 
taken at 70 per cent., then overall efficiency — 

TT 76 X -7 .^ , 

E = 76 + 50 + 26 = ^^ P^" "^^*- 

or, taking the efficiency of the explosion chamber at -7 — 

E = 24*5 per cent. 

This again falls short of the overall efficiency given by the 
steam-and-gas turbine with the same initial temperature. 

The above is a very tentative examen of the explosion 
turbine as a heat engine. The most favourable efficiencies 
obtainable have been ascertained, and it may be pointed out 
that even were the expansion ratio to be increased beyond the 
practical Umit, but a small gain in efficiency could result. 

The system suffers thermodynamically from the fact that only 

I 2 



116 THE GAS TURBINE 

that portion of the ** PV " diagram underlying the expansion 
curve is available for work. True, the heat put into the system 
is decreased by the ratio C^/Cp, but the work done, as compared 
to the constant-pressure turbine, is decreased to an even larger 
extent. 

The great and pregnant point in favour of the explosion 
turbine as compared to the constant-pressure turbine, mixed- 
fluid or otherwise, does not lie on the side of thermal efficiency. 
It lies in the elimination, or at least in the great diminution, of 
the negative work of the pump. 

There are three great difficulties to be contended with in 
regard to the explosion turbine. The first two are theoretical 
in nature, and are concerned with heat losses inherent, though 
to some extent controllable, in the system. They are : — 

(1) Heat losses from the combustion chamber. 

(2) Energy losses due to the change of velocity on the 
wheel. 

The third difficulty is of purely a practical nature, though 
perhaps the most potent of them all. This is the very doubtful 
possibiUty of getting a valve to work satisfactorily for any 
considerable period of time between the explosion chamber and 
the wheel {vide Chapter XI.). 

The first of these losses, namely the heat flow from the 
combustion chamber, is only to be found empirically ; beyond 
the fact that this loss is proportional to the fourth power of the 
temperature difference between the inside and outside of the 
explosion chamber, and that it is directly proportional to the 
surface of the chamber, we have no sure theoretical means 
for estimating that loss. The second loss, due to the variable 
velocity of the fluid, can be computed (approximately) from 
theoretical considerations. 

Neglecting the secondary loss, and taking the thermodynamic 
efficiency of the turbine to be still 70 per cent., the effect of the 
first loss on the efficiency of the explosion turbine can only be 
definitely arrived at by the consideration of actual experimental 
data. Fortunately here we are not without that data which 
is so conspicuously lacldng in connection with other types of 
gas turbines. A gas explosion turbine has been built of some 
size (1,000 H.P.) and extensive experiments made with it by 
Herr Holzwarth of Mannheim ; the practical work of Heir 
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Holzwarth need not be considered here, nor the construction 
and details of his turbine gone into, as a later chapter 
(Chapter XI.) is concerned with that subject, and repetition 
would be useless and cumbersome. The experimental data 
for the working out of a particular case will alone be quoted 
here. 

There is another source of experimental data bearing upon 
the heat losses in explosion chambers, and that is the classic 
records of Mr. Dugald Clerk. The efficiency of an explosion 
turbine will be worked out from the data taken from each of 
these sources ; the conditions of temperature and pressure are, 
as near as possible, chosen in agreement. 

(A) THE EFFICIENCY OF THE EXPLOSION GAS TURBINE, 
BASED ON THE EXPERIMENTS OF MR. DUGALD 
CLERK. 

In a series of experiments made by Mr. Clerk upon the 
explosion of gas and air in closed vessels it was found that a 
niixture composed of 1 volume of Oldham coal gas with 11 
volumes of air, gave, upon ignition, a maximum pressure of 
5* 15 atmospheres absolute, corresponding to a temperature of 
1,220° C. 

The thermal value of the actual gas used is not given, but 
that for Glasgow coal gas is given, which is mentioned as being 
similar to the Oldham gas. The thermal value has, therefore, 
been approximated at 11,500 T.U. per lb., and the specific 
gravity at 036 lb. per cubic foot. 

This gives a ratio of gas to air by weight of 1 : 24*7. There- 
fore, heat put into 1 lb. of working fluid — 

H = 11,500/25-7 = 450 T.U. 

Let the initial compression before explosion be 1*52 atmo- 
spheres. This gives a value for the initial pressure of 7*82 
atmospheres, and a value for R of 7*82. Using the equation 
given on p. 114, we have — 

W= l/m iS^ (l -^) -poVo(ny- l) 

m being equal to the ratio, Vs/vi = 152. 
Therefore W = 667 T.U. 
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Writing off the negative work against the waste heat, we 
have — 

rj = W/H = 66-7/450 = 134 per cent. 

Taking the thermodynamic efficiency of the turbine at 
70 per cent., the overall efficiency, E, equals 9*4 per cent. 

If regeneration is taken into account, there are three heat 
losses to be considered : — 

(1) Heat loss in regenerator exhaust, with T' = 215° C, 

A = 50 T.U. 

(2) Heat required to drive pump ; if steam driven as above, 

heat loss = 104 T.U. 

(3) Heat loss due to inefficiency of combustion chamber. 
The efficiency of the combustion chamber — 

rj, = (Ti - To) C,/H 

Ti = 1,220° C. 
To = 17° C. 
= 49*2 per cent. 

Therefore, heat loss from combustion chamber — 

A' = -518 H = 233 T.U. 

Therefore, overall efficiency — 

66-7 X -7 



E = 



233 + 66-7 + 50 + 10*4 
= 13 per cent. 

(B) THE EFFICIENCY OF THE EXPLOSION GAS TURBINE, 
BASED UPON THE EXPERIMENTS OF HERR HANS 
HOLZWARTH. 

The initial temperature of the charge, To, was 15° C. 

The heat supplied to the explosive mixture was 228 calories 
per kilo ; the thermal value of the gas 1,179 cal./kilo. 

The initial temperature, Ti, was 1,398° A., calculated from 
the equation — 



J-0 



where <f) = eoeff. of contn. 
= 95 8 per cent. 
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The initial pressure, pi, equalled 7*08 atmospheres. 
The compression ratio for the pump, as before, 1*52. 
Heat supplied, therefore, per lb. of working fluid — 

H = 230T.U. 

Thus the work done by the fluid on expansion — 

W=llm \P^ (l -r^.) -povoi^y- l)| 

= 56-8 T.U. 

Writing off negative work against waste heat, and assuming 
no regeneration, as in the case of the Holzwarth turbine — 

7/=:W/H 

= 56-8/230 

= 24*7 per cent. 

With the thermodynamic efficiency of the turbine at 70 per 
cent, we have overall efficiency — 

E = 17-3 per cent. 

Taking regeneration into account, we have a loss of 50 T.U. 
in exhaust from the regenerator, a loss of 10*4 T.U. on the 
steam-driven pump, and the loss due to the efficiency of the 
explosion chamber. In this case — 

_ (1,398 — 288) 
"^^ ■" 230 

= 87 per ctot. 

Therefore, heat loss from combustion chamber — 

A'=13H = 30T.U. 

Therefore, overall efficiency — 

•g _ 56-8 X -7 

56-8 + 10-4 + 50 + 30 
= 27 per cent. 

It will be noticed that there is a very considerable divergence 
between the ''efficiency of explosion" in the experiments of 
Mr. Dugald Clerk, and those of Herr Holzwarth. The best 
explosion efficiency obtained by Mr. Clerk appeared to be — 

0'/0 = 63 per cent. 
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(in case taken, 49*2 per cent.), compared to the efficiency 
obtained by Herr Hokwarth of — 

e'je = 87 per cent. 

The factor in question depends primarily on conditions of 
temperature and pressure, and upon the construction of the 
explosion chamber. 

Although the limits of overall efficiency in the case of the 
explosion turbine do not admit of any ready formulation 
(owing to the variabihty of heat losses from the explosion 
chamber) yet the Umits of the thermal efficiency of the cycle 
are very definite. 

As in the case of the constant-pressure turbine, let the 
temperature upon the turbine blades, Tg, be 500° C. If there 
is no initial compression, the maximum temperature which 
it is possible to have in the explosion chamber is — 

01 = 02 . rV 



where R 



=©• 



If, however, there is initial compression, then the maximum 
temperature is only limited by the velocity that the turbine 
wheel can absorb, and — 

(9i = (92 . (R . r)~T 

where r is the ratio of compression in the pump. The heat 
put in being— 

H = C^, . (^1 — ^0-) 

The thermal efficiencies possible with varying temperatures 
are shown clearly on the temperature-entropy chart. Fig. 50. 
With no initial compression the work done is represented by 
the area bounded by the curve of heat absorption at constant 
volume and the curve of heat absorption at constant pressure, 
and the vertical of adiabatic expansion. The maximum work 
available in this manner is shown by the shaded area, the 
expansion being from 0i = 1,210° A. to 0^ — 773° A., or an 
expansion of 4*2. The work done by the turbine, the work 
done by the pump, and the heat put in to the system are further 
shown for values of 0i from 1,300° A. to 2,000° A. at intervals 
of 100°. 
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The temperature-pressure line, it must be noted, only refers 
to cases of no initial compression. 

In the case of regeneration, the only heat theoretically put 
into the system is the waste heat from the regenerator together 
with the work done by turbine and pump. The former item 
(assuming a constant temperature at exit of regenerator) is a 
constant value. It is show^n by the shaded area in the right- 
hand corner of the chart. In this instance the temperature of 
the exhaust from the regenerator is taken at 215° C. The 
" ^<^ " chart is drawn on the assumption that at 0° C. ^ = 0. 

It was mentioned above that one of the chief objections to 
the closed-chamber explosion turbine was the presence of a 
valve between the explosion chamber and the turbine wheel. 
This question, together with other questions of detail and 
construction, will be treated of later in the discussion of the 
experimental work of Herr Holzwarth. 

LOSS DUE TO VARIABLE VELOCITY. 

We have to consider the fact that the velocity of the gases 
flowing from the combustion chamber on to the wheel faU in 
velocity from a maximum to a minimum, or may be a zero, 
value, while the turbine wheel itself must, of necessity, run at 
a fixed peripheral speed. It is now to be investigated what 
the loss is, due to this periodicity of impulse. 

The conditions affecting the velocity of the flow are as 
follows : The gases are contained in a closed chamber behind 
a valve at a maximum pressure, ^i. The valve is then opened. 
The flrst particle that leaves the chamber does so under the 
influence of an expansion ratio jpilpo, which is the maximum 
expansion ratio. The first element of gas has, therefore, the 
maximum velocity. The pressure in the chamber has, however, 
now been reduced to a pressure (pi — hp), and the expansion 
ratio for the next issuing element of the gas is (^i — • 8p)/po or 
II — SR. The velocity of this element is less than that of the 
preceding one. Thus the velocity of the gas-flow falls until 
the pressure in the chamber equals the pressure of the 
surrounding medium. The ratio of expansion now becomes 
unity, and the last element of air leaves the combustion 
chamber with no velocity ; that is to say, it does not leave the 
chamber at all. 
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In point of fact, this is not actually the case. If the gaseous 
flow was allowed to take place infinitely slowly, such a condition 
of affairs would be brought about. But with sudden release 
of the valve, as is the casein practice, the preceding element of 
gas has a certain momentum, which acts in the nature of a 
'' pull " upon the element of gas immediately behind it. Thus 
the final velocity is never zero, but some positive quantity ; 
the result being that a momentary drop in pressure is produced 
in the explosion chamber to some value below the pressure of 
the surrounding medium. 

Consider 1 lb. of fluid that has been exploded behind a valve, 
and is therefore at a certain pressure above that of the atmo- 
sphere outside the vessel. Let the valve now be opened. 
The initial portion of fluid, directly behind the valve, imme- 
diately acquires the maximum velocity due to the initial 
pressure difference. As the fluid leaves the chamber, however, 
the pressure falls, and the velocity of the fluid diminishes until 
a minimum, or maybe a zero, value is reached. If the initial 
pressure difference had been maintained throughout the efflux 
of the gases, the fluid would have remained at its maximum 
veloicty, Vi, and the energy of the moving mass would have 
been Y\l2g, If the velocity of the fluid falls to a final value 
V2, and the velocity gradient is in the form of a straight line, 
the energy given out by 1 lb. of gas is — 

EzzilTv^dm 

2^ Jo 

where dm represents any small element of mass in the effluent 
gases. 

Since V = m tan 6 + V2, where tan 6 is the slope of the 
velocity mass curve = (Vi — Vq)/!, — 

Let V2 = kYi, where i is a fraction less than one. Then — 
Thus, the actual energy equals the maximum energy possible, 
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if the initial pressure difiPerence remained constant, multiplied 
by — «. where k equals the fraction that the final 

velocity is of the initial velocity. When the final velocity value 
is zero — /.e., when k = — the energy available becomes one- 
third of that due to the initial pressure drop. 

Fig. 51 is a mass-velocity and mass-velocity squared diagram 



f 




£ F 

At a ss. 

Velocity-Mass Diagram. 
Shaded Areas = E.nergy Lost. 

Fig. 51. 



1^ 



showing the loss in energy due to velocity variations. Here 
the velocity is assumed to fall from Vi to V2 along the straight 
line V1XV2, and the energy is represented by the area beneath 
the curve B^T. u is the peripheral velocity of the turbine 
wheel. The shaded areas represent the energy lost owing to 
the fixed velocity of the wheel and the varying velocity of the 
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fluid. The area FKC represents energy lost while the fluid 
falls from a velocity Vi to a value equal to 2u. The area 
EPZF represents energy lost while the fluid falls from a velocity 
2u to a value u, and the area TRXEO represents energy lost 
while the fluid falls from the velocity u to the final velocity V2. 
In the above velocity-mass diagram it is assumed that the 
velocity falls along a straight line. If the value of V2 1)© taken 
at zero (a not possible case, but the final velocity must nearly 
approximate to this value), we have, total energy of effluent 
mass — 

F=l/3j^^ 

Let the peripheral velocity of the wheel, w, be equal to 
Vi/3. Then the total energy lost due to the variation in 
velocity of the fluid will be — 



/ = 3 I ^ . bm, 

•^ io2g 



But u = Vi/3, therefore — 

This gives a value for the percentage loss of — 

//P=l/9= 111 per cent. 

This, however, only gives us the loss under conditions in 
which the velocity-mass curve is a straight line. This is a 
purely arbitrary assumption. It is possible, however, to 
construct the actual velocity-mass curve, or, more properly 
speaking, to plot the change in velocity with the fall in pressure. 

Fig. 52 shows the velocity thus plotted for ten expansions 
on the " PV " diagram ; the expansion being adiabatic, 
pv^ = constant. The curve AB represents the adiabatic 
expansion. The curve FD represents the change in energy 
with fall in pressure, or a curve whose slope is — 

8 (fpSv) 
Sv 

The area FED equals, of course, the area AHB. 

The pressure, velocity, and energy are measured on the 
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vertical and in the same units, there being no absolute value 
assigned to these quantities, all that is needed being the 
percentage loss of energy to velocity variation. 

It is assumed that the peripheral velocity, u, is a third of 
the maximum velocity, Vi. Parallels for u and 2u are 
drawn. The three losses of energy are represented by the 
three shaded areas, /i, /a, /a ; /i represents the loss in energy 
while the velocity falls from Vi (= 3u) to value, 2u ; /a that 
lost in falling from 2u to u ; /a that lost in falling from u to 0. 

The values of these losses are — 

/i=021F 
/a = 055 F 
/a=110F 



/,,^i = -186F. 

If the velocity had fallen along a straight line (CQD in 
Fig. 52) the energy loss would have been, as above, •111° F. 
Here it is -186° F. This increase is due to the fact that the 
actual velocity curve lies below the straight line CQD. If 
the velocity had so varied as to produce a velocity curve lying 
above the Une QCD (as in WRO and B^O, Fig. 51), //F would 
become smaller. 

It is to be seen how this loss in energy affects the value 
chosen for the thermodjoiamic efficiency of the turbine in the 
preceding chapters. This value was taken at -7 for the 
various efficiency determinations. This included all the losses 
enumerated on pp. 77, 78. 

The loss due to residual velocity is, in the constant-pressure 
turbine, recoverable, all save that due to the kataxial compo- 
nent. This is the same both for the explosion turbine and the 
constant-pressure turbine. The other losses noted are common 
to both turbines. On a comparative basis, therefore, it is fair 
to assume a loss of 30 per cent, in the explosion turbine due 
to causes other than variability in velocity. The loss due to 
the variability of the velocity is 18-6 per cent., if the velocity 
drops to a zero value. In reality, the loss would be slightly 
less than this. The thermodynamic efficiency, therefore, of 
the explosion turbine will be 51*4 per cent. In respect to the 
fact that the value of the final velocity is more than zero, we 
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may take the thermodynamic efficiency for the explosion 
turbine, — 

Ea; = 55 per cent. 

The experimental values for E^. obtained by Herr Holzwarth 
varied from about -4 to -58 ; this is well in agreement with the 
above estimated value. 

We can now apply this value for the thermodynamic 
efficiency of the turbine to the calculation of the overall 
efficiency of the examples of gas turbines worked out on 
pp. 118, 119. 

(A) Mr. Dugald Clerk's Data. 

I. No regeneration : 

7] =z 134 per cent. 
Overall eff. rj . 'E^ = 7*4 per cent. 

II. With regeneration. 

Overall eff. r; . E^. = 10'2 per cent. 

(B) Herr Holzwarth's Data. 
I. No regeneration : 

7/ = 24*7 per cent. 
Overall eff. t; . E^ = 13*6 per cent. 

II. With regeneration : 

Overall eff. rj . E^ 216 per cent. 

OPEN CHAMBER EXPLOSION TURBINE. 

Heat Taken in at neither Constant Volume nor Constant Pres- 
sure, but under some Condition varying between these two 
States. 

If a mass of combustible fluid is ignited in a chamber that 
has a completely free exit, the heat is added at constant pressure, 
the rise in temperature producing change in volume only. 
With an aperture open to the atmosphere, however, the air 
immediately in front of the aperture is still. This air has to be 
set in motion before the volume expansion from the chamber 
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can take place. If a certain mass, M, of air be regarded as 
blocking the exit from the chamber, and if the velocity of 
volume increase be V, we have — 

Ft = MV 

where F is the force acting, and t the time during which it 
acts. If the area of the aperture be A, we have — 

MV 



P = 



At 




Fig. 53.—" PV " Diagram for 
Cycle m. 



where p equals the rise in pressure produced in the explosion 
chamber above the pressure of 
the medium without. 

If the fluid be ignited in a 
chamber, large in capacity but 
narrow of exit, then the value 
of p is still further increased, 
the highest value being reached 
when the aperture vanishes and 
a condition of heat absorption 
at constant volume is attained. 
The value of the initial pres- 
sure may be brought about in a 
manner other than that of con- 
stricting the exit from the com- 
bustion chamber. The chamber 
may take the form of a long 
pipe, closed one end, and filled 
with still air. At the closed end 
of this pipe the charge is intro- 
duced and ignited. The sudden 
expansion sets the long column 
of air in motion, the inertia of 
which causes a rise in pressure of 
the gases forming the charge, a mean velocity of the total mass 
of fluid in the pipe being soon attained. It will be seen that 
in all of these instances the heat is put into the working fluid 
while both the pressure and volume change. The cycle is 
shown in Fig. 53 on the ^^ PV " diagram. The pressure rises 
along ab at the same time as the volume is increasing ; 
adiabatic expansion to the original pressure occurs along 6c, 




Fig. 54.—" 0* " Diagram for 
Cycle III. 
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and heat rejection at constant pressure along ca. The same 
cycle is shown on the " $ <f)" diagram in Fig. 54. The curve 
of heat absorption hes between that of heat absorption at 
constant pressure, ap, and that at constant volume, av, and is 
represented by the curve, ab ; adiabatic expansion takes place 
along be, and rejection of heat at constant pressure along ae. 
It is not possible to ascertain the theoretical thermal efficien- 
cies of turbines of this type, for it is not possible to estimate 
otherwise than by actual experiment the pressure, temperature 
and heat losses. The matter will be treated as briefly aa possible. 
From the chronological standpoint this type of gas turbine 
comes first. Actual turbines of this 
kind have been made, and tests 
of fuel consumption carried out. 
"These have always been, aa would 
be expected, heavy. In the case of 
the Karavodine turbine'(t«de in/m) 
the fuel consumed per horse-power 
per hour amounted to 5 lbs. of gaso- 
Une. Taking the calorific value 
(not given) of the fuel to be 10,000 
T.U., this gives an overall efiiciency 
of only 3 per cent. 

The Karavodine turbine used a 
wide combustion chamber with a 
restricted exit. Even then but a 
small rise in pressure was expe- 
rienced. Fig. 55 shows a time- 
pressure graph taken from the Karavodine turbine. It will be 
noticed that the maximum pressure did not exceed 5 lbs. above 
the atmosphere. 

The energy of the effluent gases from the chamber produced 
a suction effect ; it will be seen from the diagram that this 
amounts to as much as 1 lb. below the atmosphere. This 
sufficed to raise the suction valve and admit the next charge. 
Once started, the action of the turbine was entirely automatic, 
and the presence of mechanically moved valves wm entirely 
suspended. Were it possible to obtain anything approaching 
a reasonable efficiency, a turbine of this type has much to 
recommend it, In the first place, it presents, perhaps, the 
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simplest, most compact, and cheapest form of prime mover 
in existence. For small powers fuel economy is a secondary 
object to compactness, simplicity and a small first cost. A 
small non-condensing steam engine only gi\ es about 7 per cent. 
overall efficiency, and if it were possible to raii'e tbe efficiency 
o£ the Karavodine type of turbme to some such value, there 
would be many uses for 
it. A tentative design 
of such a machine is 
shown in Fig. 66 ; an 
inertia-pipe is shown 
coiled for 



One or two points of 
theory in connection 
with the Karavodine 
turbine may be noticed 
in passing. 

The system of setting 
successive columns of 
air in motion by the in- 
troduction and explo- 
sion of gas cartridges 
18, thermodynamically, 
very inefficient. Let Fiq. 
m and V be the 
mass and velocity of 
the cartridge respectively ; 




Explosion Turbine, Karavodine 
Type, with coiled "inertia" pipe and 
regenerator. 



t M be the mass of the dilutant, 
great in comparison to m ; then v, the final velocity of the total 



M + m 



The kinetic energy of the cartridge E = J mV and the 
subsequent kinetic energy of the total moving mass Ea = J 
(M + m) 1^*. 

This equals — 



Ea = J (M -I- m) 



(M + my 



ya 
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And— 



E 



2 



m 



El M + m 

If M is great compared to m, the proportion of energy- 
recoverable upon dilution is extremely small. 

Air, however, is an elastic body ; if it were perfectly elastic, 
and there were no loss of heat by conduction or radiation, there 
would not be the loss of energy noted above. The impulse on 
the element of air immediately in front of the charge would 
cause a momentary compression and corresponding expansion 
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Tig. 67. — Experimental Apparatus for Determining Energy of 

Explosions in Open Vessels. 

which would be translated throughout the whole mass of air 
in the tube, giving it a velocity, V, such that — 

mV2 = (M + m) V'2 

and there should be theoretically no loss of energy in the 
system. Such, of course, is purely an ideal condition. 

The question of the open-chamber explosion turbine depends 
entirely upon data furnished by experiment ; it is unfortunate 
that more has not been done in this direction. 

What is much wanted is an accurate determination of the 
available energy as compared to the heat put in, with explosions 
in open tubes. A simple and effective manner of carrying out 
such an investigation is here submitted by the writer to any 



. \. 
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interested enough to undertake the experiment ; he has not him- 
seK had the opportunity of putting the method into practice. 

Fig. 57 represents a long tube — 10 feet or more — carefully 
lagged with some non-conducting material, to ensure, as far 
as possibleV^loss of heat by radiation. The tube is closed at 
one end, in which is placed a Ught suction valve. A recording 
pressure gauge (indicator) is placed at X. At Y and Z, at the 
other end of the tube, thermometers — or, better, recording 
pyrometers — are placed. Between the spots Y and Z is a 
small coil of pipe around the combustion tube through which 
water is circulated. The temperature of the water before 
passing through the coU, and also after havmg passed through 
the coil, is noted. 

Let these temperatures be T and T + S^ respectively. Let 
the quantity of water passing per unit of time be q lbs. Let 
the temperature of the fluid at Y and Z be, respectively,^ and 
6 — Z6. During this time the explosions are at work con- 
tinuously, fresh charges being automatically sucked in through 
the valve A and ignited by the sparking plug. The quantity 
of gas admitted per unit of time is measured (by meter or 
otherwise). Let this quantity be Q lbs. ; let the cross-section 
of the pipe be A square feet. We have then — 

where W equals the weight of working fluid passing per unit 
of time. If the mean density of the fluid equals /o, and the area 
of the pipe section is A, we have — 

where V = volume passing per second. 

Therefore 

Gj,,pA,v ,h6 = q,hty 

where v is the velocity of the effluent gases. 

Therefore 

_ q,U 

^"C^.p.A.S^* 

Having obtained the actual velocity of the gas as it enters 
the turbine wheel, the work available is easily found, from the 
equation — 

Energy = | mv^l2g . = S. 

K 2 
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statement re the Hnmphrey pnmp above alluded to is correct, 
then the evidence, either of the Standards of Efficiency C!om- 
mittee, or that of Dr. Hopkinson, Mr. Patchell, Mr. Schnbeler 
and others, is incorrect — a dilemma that leaves the earnest 
student of comparative efficiency in a sufficiently bewildered 
condition. 

A comparison with the steam pumping engine may be made 
as follows. In the Proceedings of the American Society of 
Mechanical Engineers for December, 1906, the tests are given 
of a quadruple high-duty air compressor, by O. P. Hood. This 
engine gave a consumption of 189-7 B.T.U. per brake horse- 
power. This represents an overall efficiency of 25 per cent. 
Let the boiler efficiency be taken at 70 per cent., and the 
producer efficiency for the Humphrey pump at 80 per cent. 
(a basis of comparison tending to favour the latter), we have 
an overall efficiency for the complete Humphrey plant of 
16-6 per cent., and an efficiency for the steam pumping plant 
of 17*5 per cent. If, therefore, the reciprocating pump gives 
a mechanical efficiency equal to or over 16*6/17*5 = 95 per cent., 
then there are examples of raising water by steam which are 
even more efficient than that of the Humphrey pump ; pro- 
vided, of course, the test here quoted is a reliable one, or that 
there have been other tests made, giving as good results. The 
student is more than ever at a loss to imderstand the statement 
that the tests on the Humphrey pump showed a " fuel consump- 
tion, reckoned in water lifted . . . less than in any jumping 
arrangement, either by gas or steam, hitherto recorded.'' 

It would seem, therefore, that a gas-engine driving a centri- 
fugal, and the centrifugal driving a water turbine, would give 
as good (if not a better) overall efficiency as the Humphrey 
pump-driven turbine, and that, unless the Humphrey pump 
has large practical advantages to atone for its lack in efficiency 
(a doubtful matter — it may be remarked that each imit at the 
Chingford installation carries 200 valves, all operated by 
springs), the scheme is altogether out of court. 

The final efficiency of the Humphrey pump water turbine 
plant may, however, be worked out, as a matter of abstract 
interest. The best impulse water turbines give from 78 to 
84 per cent, efficiency {vide test results by Messrs. Escher, Wyss 
& Co.). Taking the gas producer efficiency at 84 per cent., 
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Institution of Mechanical Engineers for November, 1909, it is 
stated that the Humphrey pump gave a consumption of 
83*12 cubic feet of gas per pump horse-power per hour, the 
calorific value of the gas being 147*29 B.T.U. per cubic foot. 
This gives a consumption of 12,230 B.T.U. per pump horse- 
power, or an overall efficiency, exclusive of 'producer, of 
20' 8 per cent. This is the best result reported. It is further 
stated in this same report, that '*the fuel consumption in 
these trials, reckoned on work done in lifting water, was less 
than in any pumping arrangement, either by gas or steam, 
hitherto recorded." 

It is unfortunate that a categoric statement of this nature 
should have been introduced into the report of the official 
tests, or into the summary thereof, printed in the Proceedings 
of the Institution. 

Let us consider whether this categoric statement is correct. 

In the test of three engines of the National Gas Engine 
Company by the Standards of Efficiency Committee of the 
Institution of Civil Engineers, in 1905, a " brake thermal 
efficiency " of 29-8 per cent, was obtained with one of the 
engines. The overall efficiency in the Humphrey pump was 
20-8. We are, therefore, faced with the following inference : 
If the centrifugal pump (or piston pump and necessary gearing) 
gives a mechanical efficiency of anything equal to or over 
20-8/29-8 = 69-8 per cent., then the statement in the report is 
categorically incorrect ; assuming, that is, that the tests of the 
Standards of Efficiency Committee were reliable ; and assuming 
that the producer efficiency is the same in either case. 

If centrifugal pumps (or geared piston pumps) have never 
given an efficiency as high as 69*8 per cent., then the statement 
is sound. 

Referring to Dr. Hopkinson and Mr. Chorlton's paper on the 
'' Evolution and Present Development of the Turbine-Pump," 
as reported in the minutes of the Proceedings of the Institution 
of Mechanical Engineers for January, 1912, and the discussion 
thereon, evidence as to the efficiencies of centrifugal pumps was 
given even up to so high a figure as 85 per cent. In particular 
may be mentioned Mr. Patchell's evidence of a centrifugal pump 
giving an efficiency of 76 per cent, with a repetition of the same 
after a lapse of five years. It therefore follows that if the 
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statement re the Humphrey pump above alluded to is correct, 
then the evidence, either of the Standards of EflSciency Com- 
mittee, or that of Dr. Hopkinson, Mr. Patchell, Mr. Schubeler 
and others, is incorrect — ^a dilemma that leaves the earnest 
student of comparative eflSciency in a sufficiently bewildered 
condition. 

A comparison with the steam pumping engine may be made 
as follows. In the Proceedings of the American Society of 
Mechanical Engineers for December, 1906, the tests are given 
of a quadruple high-duty air compressor, by 0. P. Hood. This 
engine gave a consumption of 189-7 B.T.U. per brake horse- 
power. This represents an overall efficiency of 25 per cent. 
Let the boiler efficiency be taken at 70 per cent., and the 
producer efficiency for the Humphrey pump at 80 per cent, 
(a basis of comparison tending to favour the latter), we have 
an overall efficiency for the complete Humphrey plant of 
16-6 per cent., and an efficiency for the steam pumping plant 
of 17-5 per cent. If, therefore, the reciprocating pump gives 
a mechanical efficiency equal to or over 16'6/17'5 = 95 per cent., 
then there are examples of raising water by steam which are 
even more efficient than that of the Humphrey pump ; pro- 
vided, of course, the test here quoted is a reliable one, or that 
there have been other tests made, giving as good results. The 
student is more than ever at a loss to imderstand the statement 
that the tests on the Humphrey pump showed a " fuel consump- 
tion, reckoned in water lifted . . . less than in any jumping 
arrangement, either by gas or steam, hitherto recorded.'' 

It would seem, therefore, that a gas-engine driving a centri- 
fugal, and the centrifugal driving a water turbine, would give 
as good (if not a better) overall efficiency as the Humphrey 
pump-driven turbine, and that, imless the Humphrey pump 
has large practical advantages to atone for its lack in efficiency 
(a doubtful matter — it may be remarked that each imit at the 
Chingford installation carries 200 valves, all operated by 
springs), the scheme is altogether out of court. 

The final efficiency of the Humphrey pump water turbine 
plant may, however, be worked out, as a matter of abstract 
interest. The best impulse water turbines give from 78 to 
84 per cent, efficiency {vide test results by Messrs. Escher, Wyss 
& Co.). Taking the gas producer efficiency at 84 per cent., 
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and the higher value above quoted for the water turbine, and 
Dr. Unwin's test efficiency of 20-8 for the Humphrey pump, 
the final overall efficiency — 

Et = (20-8 X 84 X 84) per cent. = 14*7 per cent. 

Taking the calorific value of coal at 7,000 T.U. per lb., this 
gives a coal consumption of 1*375 lbs. of coal per brake horse- 
power per hour. If this result is compared with the figures of 
coal consumption for other prime movers (vide p. 203), it will 
be seen that, for the steam-engine the values he between 1*6 
and 1*1, and those for the gas-engine between 1'16 and 0-86. 
Or it may be compared to the test of a National Gas Engine at 
Manchester, October 23rd, 1900, when a coal consumption of 
0-822 lb. was obtained (vide Clerk, "Gas Engine," Vol. II., 
p. 83). This shows sufficiently plainly the impracticability of 
the scheme from the point of view of economy. 

It may be argued, however, that, although on grounds of 
efficiency the application of the Humphrey pump for power 
transmission is not to be recommended, still, there are practical 
reasons for its adoption. It would seem, however, that there 
is little to recommend it on these grounds. In the Chingford 
installation, which was composed of five units, totalling in 
round numbers 1,000 H.P., the number of spring-operated 
valves amounted to something like 1,000 (200 per unit). 

The Chingford plant occupies a space of 90 X 120, or 
10,800 square feet for 1,000 B.H.P. ; this is, of course, exclusive 
of the space that would be occupied by the water- turbine units. 
Herr Holzwarth's experimental gas-turbine plant occupied a 
space of 18-9 X 20 or 378 square feet, or about one-thirtieth 
the space for the same nominal horse-power. The mixed-fluid 
turbine plant shown in Fig. 31 occupies a space of 86 X 40, or 
3,440 square feet, for 6,000 B.H.P., measured outside buildings. 
The excessive cumbersomeness of the Humphrey plant is 
evident. 

A more reasonable proposition is that of setting a column of 
water in oscillation in what approximates to a U tube, the 
gas explosion chambers being at the ends of each arm of the 
U tube, and the water turbine contained in the bend of the U. 
A scheme of this nature has more to be said for it on the ground 
of space occupied than the direct application of the Humphrey 
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pump in its present form. It is doubtful, however, whether its 
efficiency would be in any way superior to that of the Humphrey 
pump. The losses due to heat conduction from the explosion 
chamber, both by the water itself and by the metal sides of 
the vessel, would seem to be Ukely to be the same in either case, 
and these losses must be the principal heat losses experienced 
in the Humphrey pump. In the oscillatory type there would 
be an additional loss in the water turbine owing to the variation 
of the velocity of the water through the turbine, a loss 
similar to that experienced with the explosion-gas turbine, 
which, in the case considered, in connection with the Holzwarth 
turbine, amoimted to some 18 per cent, {vide p. 125). 

The suggestion that a continuous column or " endless belt " 
of water should be maintained in a continuous state of flow by 
a series of gaseous explosions, and that the kinetic energy of 
the water thus produced should be absorbed by impulse wheels, 
seems to offer the most likely field for successful investigation. 
The problem, however, presents several difficulties ; it is 
difficult to see how the variation in velocity could be overcome 
without the intervention of a reservoir and the accompanying 
conversion of kinetic into potential energy, in which case 
conditions analogous to those of the direct application of the 
Humphrey pump would be inevitably set up. 

In so speculative a field as this it is dangerous to do other 
than generahse, but one advantage that any scheme by which 
the kinetic energy of water is used as an intermediary agent 
between the energy of gaseous expansion and its conversion 
into rotational energy upon a turbine shaft may be noted. 
This is the reaUy immense advantage of unlimited speed 
control. The gas turbine of this type would, at least, be no 
longer confined to the driving of high-speed dynamos, but 
would be directly applicable to the driving of slow-speed 
machinery. At least, it may be admitted that this is no small 
advantage. 



CHAPTER VI. THE VARIATION IN THERMODYNAMIC 
CONSTANTS AND ITS EFFECT UPON EFFICIENCY 

In the foregoing chapters the various efficiencies have, in 
all cases, been worked out on the assumption of certain arbitrary 
values for the specific heats and other constants employed in 
the calculations. This procedure was deemed more sane and 
more logical than to overburden every calculation with the 
elaborate paraphernalia of specific heats and specific volumes 
varying with the composition of the mixture (which is depen- 
dent upon the temperature in the combustion chamber) and 
of specific heats varying with actual temperature rise, according 
to the evidence afforded by Messrs. Holbom and Henning, 
Dugald Clerk, Langen, Mallard, and Le Chatelier and others. 

With German writers (and the practice is by no means 
confined to Germany) it has been the custom to begin with the 
most elaborate consideration of all possible changes in thermo- 
dynamic constants, to drag these into every calculation of 
efficiency, on the ground — apparently — that the only logical 
method is to adopt the absolute values for thermodynamic 
constants at the very start, no matter how small is the difference 
in efficiency which is produced from that obtained from the 
use of the arbitrary values of common practice. Such a 
procedure may be applicable to a history of ethics, but it is 
inefficient in engineering ; it is reminiscent of the mediaeval 
historian who, when about to write a history of England, found 
it almost invariably necessary to begin with the siege of Troy — 
on the grounds of logical sequence. 

It must be remembered that the difference in efficiency 
obtained by takiag into account the changes ia specific heat is 
very small. In the estimation of the overall efficiency of the 
gas turbine it is necessary to use arbitrary constants for the 
thermodynamic efficiencies of the turbine and pump, which 
may vary some 10 per cent, in any one machine. It is obviously 
iaefficient to trouble about an error of 1 per cent, (or less) in 
cases where a probable error of 10 per cent, is introduced 
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voluntarily. It is even a greater waste of time so to do when 
the factors that determine the value of the small error above 
alluded to are so indeterminate as to admit of 50 per cent, 
variations between contemporary experimenters. 

It remains to be seen how small the error produced by 
neglecting the changes produced in the thermodynamic 
constants is. 

Consider a sample of producer gas of a particular composition. 
The one here chosen is taken from Robinson's " Gas Engine," 
p. 586. The sample is a sample of Mond gas (without ammonia 
recovery) and it^ composition is as follows : — 



Composition by Volume. 





Cubic Feet 


Hydrogen, H2 


. 20-5 


Methane, CH4 


2-3 


Carbon monoxide, CO 


. 15-7 


Olefines . . . . 


traces. 


Carbon dioxide, CO2 


11-7 


Nitrogen, N2 . . , 


49-8 




100 


Air added 


. 108 


Total . . . . 


. 208 



We may neglect the small percentage of methane by 
increasing the proportion of hydrogen by the same amount. 
This simplifies calculations later. 

We now have — 



Composition by Volume. 





Cubic Feet 


Hg . 


22-8 


CO 


15-7 


CO2 


11-7 


N2 . 


49-8 


Air 


108-0 



,208-0 
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or, 





Composition by Weight. 






Ibs./cub. ft. 


lbs. 


H2 . 


. -00561 


•1278 


CO 


. -07800 


1-2240 


C02 . 


. -12340 


1-4430 


N2 . 


. -07810 


3-8900 


Air 


. -07670 


8-2800 



14-9648 

This is the composition before ignition. We have now to 
obtain the composition by weight of the mixture after ignition. 
We have the following reactions taking place — 



and 



2H2 + O2 
1278 + 102 

2C0 + O2 : 
•1224+ -7: 



2H2O 
1-1478 

2CO2 
1-924 



and the composition by weight of the working fluid becomes — 



H2O . 

CO2 . 

N2 . 

Air (remainder) 



lbs. 

1-1478 

3-3670 

9-6500 

-8000 

14-9648 



Consider 1 lb. of gas before combustion : — 

Composition by Weight. 

Hydrogen .... 

Carbon monoxide . 

Carbon dioxide 

Nitrogen .... 

Air added, 1-24 lbs. 



lbs. 

-0192 
•1840 
-2158 
•5810 

1-000 



Consider 1 lb. of mixture after combustion : — 



140 



THE GAS TURBINE 



Composition by Weight. 



Steam . 

Carbon dioxide 
Nitrogen 
Air (remainder) 



Total 



lbs. 

•1720 
•5040 

b4440 
•1200 

2-2400 



The specific heat of the mixture has now to be obtained from 
those of its constituents — 

(A) Specific Heat of Mixture before Combustion. 



Constituent. 


Composi- 
tion by 
weight. 


Cp. 


\^y» 


Cp.W. 


Cy . W. 


Hydrogen . ^ . 
Carbon monoxide . 
Carbon dioxide 
Nitrogen 


•0192 
•1840 
•2158 
•5810 


3-400 
0-242 
0-210 
0-235 


2-400 
0-173 
0-165 
0-175 


•0653 
•0445 
•0453 
•1364 


•0461 
•0318 
•0356 
•1017 


Air 
Mixture 


1-0000 
1-2400 
2-2400 


0-263 


0-190 


•2915 
•2980 
•5895 


•2162 
•2116 
•4267 



Therefore Cp for mixture before composition = 0^263 
Therefore C^ „ „ ,, =0^190 

Therefore y „ „ „ =1^384 

(B) Specific Heat of Mixture after Combustion. 



Constituent. 


Composi- 
tion by 
weight. 
(W). 


Cp. 


c,. 


Cp.W. 


Cy . w. 


Steam . 


0-1720 


•480 


•355 


•0826 


•0611 


Carbon dioxide 


0-5040 


•210 


-168 


•1058 


•0832 


Nitrogen 


1-4440 


•235 


-175 


-3394 


•2530 


Air (remainder) 


0-1200 


•240 


-172 


•0288 


•0206 


Mixture 


2-24 


•248 


•787 


•5566 


•4179 
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Therefore Cp for mixture after combustion = 0-248 
Therefore, C^ „ „ „ =0-187 

Therefore, 7 „ „ „ = 1-330 

The calorific value of the gas in question is obtained from 
an examination of the heat evolved by its constituents. 

1 lb. of hydrogen giyes on combination 34,170 T.U. 
Then -0192 lb. „ „ 655 „ 

1 lb. of carbon monoxide „ 2,400 „ 

Then -184 lb. „ „ 442 „ 

Therefore, 1 lb. of gas has thermal value of, H = 1,097 T.U. 

Thus we have the values of C,, and C^ and 7 for the com- 
bustion mixture composed of the gas in question together 
with the minimum proportion of air necessary for complete 
combustion. For a mixture of 1 lb. of gas with 1-24 lbs. of 
air — 





Before 


After 




Combustion. 


Combustion 


c. 


•263 


•248 


c. 


•190 


•187 


7 


. 1-384 


1-330 



Assuming the values for Cp and C^ to remain constant with 
the increase in temperature, the temperatures produced upon 
combustion with this mixture are — 

T = 1,980° C. heat absorbed at constant pressure. 
T = 2,636° C. heat absorbed at constant volume. 

As these temperatures are not allowable in practice, the 
mixture must be further diluted with air. This dilution, of 
course, changes the values of C^, C^ and 7 for the mixture, as 
the composition of the mixture is changed. The effects of this 
dilution on the specific heats and the maximum temperature 
are shown in Table II. So far the change in the specific heats, 
due to the rise in temperature, have been neglected. 

The effect of this change in the value of Cp and C^ is shown 
(not to scale) in the entropy- temperature diagram (Fig. 58), 
in which nmi, nm^, nm^, etc., represent the heat absorption 
curves for mixtures, 1, 2, 3, etc. The effect on the heat 
absorption curve by the change in the value of C^, Cy by change 
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of mixture is, of course, here, greatly exaggerated ; its actual 
value on the entropy diagram is shown in Fig. 62 (vide infra), 
where the heat absorption curves for the varying mixtures all 
lie within the shaded area between the inner and outer heat 
absorption lines. 

There is a change in the specific heats produced when 
ignition takes place ; this, however, does not aflEect the efficiency 
of the system. In Fig. 59 is shown the heat absorption lines 
on the entropy-temperature diagram (not to scale) for the 



ff 




^ P 

Fig. 58. — "e«" Diagram, showing Changes in Heat Absorption Lines 
lor varying Composition of Mixture. (Not to sci^e.) 



values of Cp and C^ before and after combustion ; c6, 6' represent- 
ing heat absorption lines for values of Cp, C,, before combustion ; 
ca, a', for values of same after combustion. If combination 
does not take place until the temperature Oi is reached, the 
area abk will project beyond the adiabatic ae, and a fresh 
adiabatic will have to be dropped from 6, 6', thereby effecting 
the efficiency of the cycle. If combination begins to take place 
at a lower temperature, a smaller portion of the area between 
the two curves will project beyond the adiabatic from a, and 
the effect on the thermal efficiency will be still smaller. In 
point of fact, however, the combination of the gases begins 
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to take place very early in the process of heat abaorption and 
the curve cdh is soon deflected towards the curve c/o, in some 
such form as the curve cda, lying entirely within the adiabatio 
dropped from a. This means that the change in specific heats 
before and after combustion does not affect the efficiency of 
the cycle provided the values of Cp and C, be taken as those 
for the mixture after combustion. 

The residts of the values of the specific heats, given in 
Table II., p. 143, are shown graphically in the diagram, Fig. 60. 
The values of C^, C, 
and Y are plotted 
against the tempera-, 
ture produced (" C). 
This is not concerned 
with the increase in 
specific heat due to 
te.m'p&cdure. It shows 
the change in these 
constants due to the 
change in the compo- 
sition of the mixture 
required to produce 
certain max! mum 
temperatures. For 
example — to produce 
Diagram, ehowing Change a temperature of 
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1 Lino, lor Mjntar. i 700" c. (under con- 

mbiiarion. (Not to ,. . . 
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in Heat Absorpti 

before and after Combuation. 

scale.) 

volume) a mixture 
containing 28 per cent, by weight of Mond gaa is required. This 
relation is shown by the line G, The value of C, for such a 
mixture is -1813 after combustion {hne A), and '1837 before 
(UneB). The value of yis 1-352 before (UneC), and 1-387 after 
(hneD). C^ is -2454 before (line E), and -255 after {Une F). It 
win be noticed that there are corresponding lines, giving corre- 
sponding values for the same constants, in the case of heat 
absorption at constant pressure {viz., lines a, 6, c, d, e, /, g). If, 
for example, the temperature of 1,700° C. has to be reached by 
heat absorption at constant pressure, a richer mixture is neces- 
sitated ; a mixture, namely, of 38 per cent, of gas. This alters- 
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throughout the values of the other constants. Thus, the value 
of Cp after combustion becomes •1848 (Ime a) instead of -ISIS, 
Similar changes occur in the other constants, theur values being 
found from the lines a, b, c, d, e, f. 

THE INCREASE OF SPECIFIC HEATS WITH 

TEMPERATURE. 

In the report of the Committee on Gaseous Explosions of the 

British Association (Dublin, Section G., 1908 et seq.) the 
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Fig. 61. — Diagram showing Variation in Values of C^. C^, and y, witli 
Kise of Temperature. (From data of B.A. Report, 1908.) 

question of the actual change in the value of C^ and C„ and y 
with change in temperature is very fully discussed. The 
data of various experimenters difEer considerably, and the 
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difficulties consequent upon the determination of specific heats 
of gases at high temperatures are very great. The writer has 
taken the curve shown on p. 22 of the 1908 report, which gives 
a mean between the values of Messrs. Holbom and Henning, 
Dugald Clerk, Langen and Mallard and Le ChateUer, interpreting 
it, however, in the form of a straight Une, giving a line equation 
for the change in these constants with temperature. In the 
present unsettled state of the question such is not too drastic 
a Uberty, and the error, even if the curve is the correct reading, 
is extremely small. The value of this increase is shown in 
Fig. 61, for C^„ C„ and 7, giving — 

C^ = a 4-/3(9 where a= '24 

8= 0000337 

C, = fi + v0 IM= -172 

v= 0000356 

y =k + K0 \=l-38 

K= -000052 

The effect of this change in the specific heats on the " ^<^ " 
diagram is to shift the heat absorption lines towards the right. 
The heat absorption Une being now obtained by the formula — 



<f„ = {f, + vO) If. 



The heat rejection lines, are, of course, determined in the 
same way. 

The temperature-entropy diagram for the variable specific 
heats is shown in Fig. 62. The curves KA and KA' represent 
the heat absorption at constant volume and constant pressure, 
respectively, for a perfect gas. The curves KB, KC enclose the 
area (shaded) which contains the heat absorption curves for 
varying mixtures according to maximum temperature required 
(vide Fig. 58). The curves KD and KD' represent the heat 
absorption at constant volume and constant pressure, with the 
specific heats varying. The cycles are completed by dropping 
adiabatics upon the horizontal representing the maximum 
value of the temperature after expansion, and completing the 
diagram in the usual way. 
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ture from the regenerator be, as before, fixed at 215° C. 
heat lost from waste gases — 

h = Cp(200) 
where C„ is the mean value between 215° and 15° C. 



Then 



Therefore — 



h = -248(200) 
= 49-6 T.U. 



Consider work done by pump. We have work done by 
pump^ 

W = PqVq log. R. 

This equation involves the factor of volume. We have, in 
fact, to find the exact volume occupied at 15° C. by 1 lb. of 
the working fluid under examination after combustion. We 
have composition by weight — 



Steam 


• 


•172 


Carbon dioxide 


• 


•504 


Nitrogen 


• 


liU 


Air 


• 


•120 



2*240 

The steam, however, is condensed in the condenser, and has 
not to be pumped out by the pump. We have, therefore, only 
2-068 lbs. of fluid to deal with. 

For an initial temperature of about 1,200° C, 1-5 lbs. of air 
are required as dilutant to the above mixture. 

Thus we have — 







Cub. ft/lb. 


Volume. 


Steam .... 

Carbon monoxide . 

Nitrogen 

Air .... 


•172 
•504 
1-444 
1-62 


8-1 
12-8 
12-4 


4-1 
18-5 
20-1 


Mixture. 


3-740 




42-7 
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Therefore, volume per lb. of mixture for pump — 

i;o=ll-4. 

Then, work done by the pump — 

t^? = 14-7 X 144 X 11-4 X loge 10 ft./lbs. 
= 17-25 loge 10 T.U. 

This gives a value for w of 39-6 T.U. 
Now the thermal efficiency — 

_ 160 — 39-6 
"" 160 + 49-6 

= 57*6 per cent. 

Compare this with the result obtained by the use of the 
arbitrary values of the thermodynamic constants, assuming 
Cp, C^, and 7 to be constant throughout the range of temperature 
considered. Let C,, be constant at '25 : 7, at 1'38. 

01 - 11^ . R-275 
= 1,457° A. 
Therefore 

W = -25 (1,457 - 773) 
= 171 T.U. 

Heat lost from regenerator — 

A = -25 X 200 = 50 T.U. 

Negative work on pump — 

t^? = 18-7 log 10 
= 43 T.U. 

Therefore, we have — 

_ 171 — 43 

"" 171 + 50 

= ^^ = 57*9 per cent. 
It is thus seen that, neglecting the change in thermodynamic 
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constants completely, and assuming the orthodox values for 
the same — as has been done in the preceding chapters — ^the 
value of r; in this particular case comes to 'STO. Taking into 
account all the possible variations in these constants, and 
working out the thermal efficiency from the most absolute 
basis, the value of r; in this same case comes to -576. That is 
to say, the values obtained for the thermal efficiencies have so 
far been 0-3 per cent, too high. On the overall efficiency this 
would tend to become less. 

The author feels that it would have been useless and ineffi- 
cient to have burdened the preceding chapters with the matter 
that has been touched upon in this chapter for the sake of an 
" error " of less than 1 in 300, more particularly when the 
grounds upon which that *' error " is based are of so uncertain 
a nature. In succeeding chapters the arbitrary constant values 
of C^„ C,. and 7 will again be adopted (namely, -25, -18 and 1-38). 



BOOK II. THE PRACTICE 

CHAPTER VII. ACCESSORY MACHINERY 

It has been said with considerable truth that the success of 
the gas turbine as a prime mover rests altogether with the rotary 
pump. This is certainly so in the case of the constant-pressure, 
single-fluid turbine ; it is less so with the mixed-fluid, constant- 
pressure turbine ; it barely appUes to the case of the constant- 
volume turbine at all. As such future that there may be for 
the gas turbine as a heat engine, at least in the opinion of the 
writer, rests rather with the constant-pressure than with the 
constant-volume types, the efficiency of the rotary pump may 
be considered to have a very weighty influence upon the 
elucidation of the gas turbine problem. 

But there are other accessory matters — ^points in construc- 
tion, methods in design — that are almost as important as the 
question of the rotary pump. For convenience of treatment 
these matters have been divided up in the following manner — 

(A) The producer and furnace. 

(B) The turbine wheel ; water-cooUng. 

(C) The regenerator and condenser ; the sulphuric acid 

question. 

(D) Governing. 

(E) The pump. 

It is of these subjects that the present chapter treats. 

(A) THE PRODUCER AND FURNACE. 

It may be as well, to begin with, to dismiss a fallacy that has 
from time to time been suggested in connection with the gas 
turbine. This is the use of producers working '' under pres- 
sure," thereby deUvering the fuel to the combustion chamber 
at the maximum pressure of the cycle. The matter does not 
apply, of course, in cases where the maximum pressure is that 
of the atmosphere. Apart from any practical difficulty of 
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feeding the coal to the producer under super-atmospheric 
conditions (the great diflficulty that presented itself in the 
construction of the Buckett air engine), it must be remembered 
that the air fed to the producer must still be compressed to the 
required pressure, and also that the air added to the gas in 
the combustion chamber to support combustion and produce 
the necessary dilution requires the same ratio of compression. 
The ratio of air to producer gas necessary to produce the limit 
of maximum temperature required, is about 3 to 1 {vide 
Table II.). This means that even were it possible to avoid 
compressing the feed to the producer, only 25 per cent, of the 
work on the pump would be avoided. As the air suppUed to 
the producer has to be compressed also, this apparent saving 
in work disappears. It is only in one case— that of the constant 
pressure, super-atmospheric oil turbine — that any saving can 
be effected by initial compression of the fuel. For the produc- 
tion of the necessary initial temperature, 1 lb. of oil requires 
32 lbs. of air for combustion and the necessary dilution. 
Neglecting the work done in pumping the liquid fuel into the 
combustion chamber, there is a saving of 3 per cent, on the 
work done by the pump as compared to the same case with gas 
fuel. Only one advantage is it possible to obtain from using 
producers under pressure, and this is the ability to use the gas 
from the producer in the combustion chamber without initial 
cooling. 

This abolition of the heat losses in the cooler is an important 
factor in gas turbine economy. It is easy, of course, in the 
case of the sub-atmospheric gas turbine to bum the gases 
straight from the gas producer without any previous cooling. 

Such a plan is not permissible in the case of the gas engine, 
on account of the cooling effect of the walls of the cylinder 
and the subsequent deposition of tar and other foreign matter 
were such not removed in the cooler and scrubber. With the 
gas turbine, however, or, that is, with the constant-pressure 
gas turbine — ^for with the explosion gas turbine the same 
difficulties would occur as in the case of a gas-engine cylinder — 
the gas is thoroughly burnt in an open and roomy furnace before 
entry into the turbine wheel. It may, therefore, be assumed 
that all the tarry matter would be thoroughly burnt in the 
furnace before entering the turbine. 
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In a case given of a Mond gas plant (Robinson) the gas left 
the producer at a temperature of 450° C, and the cooling tower 
at 50° C. Taking the value of C^, for the gas to be '263 {vide 
p. 141), this gives a loss upon scrubbing and cooling of 8 per 
cent, of the heat value of the gas. Taking the efficiency of the 
producer to be 84 per cent., this raises the efficiency to a value 
of 92 per cent. Or, in a general comparison with the gas 
engine, an advantage in favour of the gas turbine of some 
8 per cent, in fuel consumption. 

It is, however, reasonably objected that to do away with the 
scrubber^ would go to the production of dust in the turbine, 
which would be highly prejudicial to the blades and bearings. 
To avoid this defect a system of ** dry scrubbing " has been 
suggested, by which the dust and such foreign solid matter is 
removed from the gas without occasioning any appreciable 
lowering of its temperature. How far such a system would 
be successful it is difficult to say ; the writer does not know of 
any instance in which '* dry scrubbing " has been appUed. 

The design of furnace is a matter of extreme importance to 
the successful working of the gas turbine. It is convenient to 
consider the furnaces (combustion chambers) for three types 
of gas turbines : the constant-pressure, single-fluid gas turbine ; 
the mixed-fluid, constant-pressure gas turbine ; and the 
explosion gas turbine. 

(i) The Furnace for the Single-fluid, Constant-pressure Gas 
Turbine. 

The ideals that have to be aimed at in this case are the 
prevention of loss of heat by radiation and conduction and the 
durabihty of the combustion chamber itself. It should, of 
course, be theoretically possible to use a metal chamber, 
uninsulated by any non-conducting material, and so to construct 
the chamber that by the continual flow of the supply to the 
chamber around the chamber there should be no loss of heat 
save that due to the difference of temperature for heat trans- 
mission through the walls of the vessel. Such a process is a 
regenerative one ; a section of a combustion chamber designed 
for this purpose is shown, diagrammatically, in Fig. 63. Owing, 
however, to the low coefficient of conductivity of gases, such 
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a scheme is not possible in practice. There are three losses 
of heat possible from the combustion chamber : loss due to 

conduction ; loss due to convention ; 
loss due to radiation ; we are really 
only concerned with the first and the 
last of these losses. 

The loss due to conduction is de- 
pendent on the material of which the 
chamber is composed. It is pro- 
portional to the temperature differ- 
ence between the inside and the 
outside of the walls of the chamber. 
The loss due to radiation is propor- 
tional to the fourth power of the 
difference in temperature between 
the outside of the combustion cham- 
ber walls and the surrounding me- 
dium. It will be thus seen, that if 
the latter loss is at all great, an in- 
crease in the value of the initial tem- 
perature must greatly reduce the 
efficiency of the combustion cham- 
ber (vide Fig. 37). 

The type of combustion chamber 
used in the Armengaud and Lemale 
gas turbine is shown in Fig. 64. P is 
the entrance for fuel (in this case oil) which is gasified in the 
* * atomiser " D. Air is admitted at A. Cold water is circulated 
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Fig. 63. — Regenerative Con- 
stant-Pressure Combus- 
tion Chamber. 




Fig. 64. — Armengaud-Lemale Combustion Chamber. 

around the chamber at C, vaporised in the process, and the 
steam produced added to the working fluid through the ports 
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X. The fluid enters the expanding nozzle at T. It will be 
seen that such a combustion chamber exactly corresponds to 
that for a super-atraoapheric steam-and-air turbine, the only 
difference between the two being the quantity of water fed 
into the combustion chamber. In the 
Armengaud-Lemale turbine this quantity 
seemed to be small, the water merely being 
used for water- jacketing purposes. A section 
of the " atomiser " is shown in Fig. 65. The 
fuel is fed through the annular spEtce B, and 
enters the combustion chamber at C ; it is 
thus deflected backwards against the enter- 
ing stream of air, and a cone of inflammable 
vapour is formed around the end of the 
atomiser. The mixture is ignited by the 
platinum wire at P, which is protected by F'*^- ^^- — Atom- 
the steel cap S. An insulated rod passes 
down the centre of the atomiser to the necessary electrical 
connections. The combustion chamber of the Armengaud and 
Lemale turbine was lined with carborundum, a matter that 
led to disaster in working. The radiation losses from the 
chamber must have been considerable. 

A scheme for using the steam raised from the water jacket 
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FiO- 66. — Armengaud-Lemale Combustion Chamber with separate 
Steam Expaneion. 

in a separate nozzle is shown in Fig. 66. The chief difficulty 
in the construction of the combustion chamber for this type of 
gas turbine is the inability to use efficient water cooling, on 
account of the excess of steam raised, and the subsequent loss 
from the walls of the chamber by radiation and conduction. 
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This may be, and, indeed, must be, remedied by some system of 
lining the combustion chamber with protecting material, as 
the temperatures likely to be involved would be too great for 
a metal chamber to stand {i,e,, without water cooling). The 
diflficulty of getting a lining for such a combustion chamber 
that will stand the erosive powers of high-velocity, hot gases 
is obvious. 



(2) The Furnace for the Mixed-fluid (Steam-and-Gas) Con- 
stant-pressure Gas Turbine. 

The type of combustion chamber for this type of turbine 
becomes much simplified, owing to two reasons : first, the 
pressure in the chamber is that of the atmosphere (vid^ pp. 46 
and 70) ; secondly, it is permissible to enclose the furnace com- 
pletely with a water jacket, as the quantity of steam desired 
is the maximum quantity that can be produced for the initial 
temperature used. The type of combustion chamber for this 
turbine is shown in Fig. 41, and the arrangement by which the 
jacket can be made either for high-pressure or low-pressure 
steam exhibited. This is simply brought about by the opening 
of the valve K, and by-passing the steam through M into the 
furnace. The size of the furnace permits of lining the same 
with firebrick for such of its surface as is desired, and the large 
sectional area allows of comparatively low velocities of the 
gases through the furnace and the subsequent reduction of 
erosion effects to a minimum. If it be desired to bum the fuel 
in the furnace above the atmospheric pressure, it is at the 
disposal of the user so to do ; the result of such procedure would 
only render the pressure difference between each side of the wall 
less than in the case of the high-pressure steam wheel and 
the low-pressure, mixed-fluid turbine. 

It will be seen that in this type of combustion chamber the 
heat losses due to conduction and radiation are at a minimum. 
The temperature of the outside of the furnace walls cannot be 
greater than that of steam at 150 lbs. pressure, assuming that 
to be the pressure of the steam on the auxiliary steam wheel. 
This temperature is 180° C. (approximately). Taking the 
temperature of the surrounding atmosphere at 20° C, we have 
the temperature difference equals 160° C. In the case of the 
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Armengaud-Lemale combustion chamber the temperature of the 
outside of the walk would probably be about 500° C. (to put it 
at a low figure). This would mean a temperature difference of 
480° C. It is difficult to estimate the proportion of heat loss due 
to radiation and that due to conduction. Supposing, however, 
we assume quite arbitrary values. Let the heat loss due to 
conduction in the case of the mixed-fluid turbine be '03 H and 
that due to radiation -005 H. In the Armengaud combustion 
chamber the loss due to conduction will be increased to 
3 (-03 H), and the radiation loss to 3* (-005 H) = 81 (-005 H) 
= -405 H. The loss has thus been increased from 3-5 per cent. 
to 49-5 per cent., or by the factor 14'1. The effect of an 
increase in the outside temperature of the walls of the com- 
bustion chamber is very apparent. 



Nozzle 
Valve 



(3) The Combustion Chamber for the Closed-Chamber Explosion 
Turbine. 

In the closed-chamber explosion turbine the time during 
which the chamber is exposed 
to the maximum temperature 
is very brief ; in the constant- 
pressure, single-fluid turbine it 
is continuously exposed to this 
temperature. The loss in the 
former case, therefore, must be 
less than the loss in the latter 
for the same initial tempera- 
ture. It is, however, in this 
case not practicable to line the 
chamber with non-conducting 
material, owing to the shock 
of explosion. The chief feature 
in this form of chamber is the 
valves. The combustion cham- 
ber of the Holzwarth turbine 
is shown in Fig. 67. The nozzle 
valve is held closed by a spring 
of such strength as to allow the valve to open immediately 
the maximum pressure is reached. By an ingenious system 




Inlet 
Valve 



Fig. 67. — Explosion Chamber. 
Holzwarth Turbine. 
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of ** oil control " {vide Chap. XI.) the valve is held open 
until the gases have entirely left the chamber. It is pos- 
sible, of course, to water-jacket the explosion chambers here, 
as in the case of the constant-pressure gas turbine, but it 
would be uneconomical so to do, as here there is no large 
proportion of negative work, the evil effects of which the 
addition of steam would tend to minimise. 



(4) The Combustion Chamber of the Karavodine Turbine. 

The combustion chamber of the Karavodine type of gas 
turbine is, like the turbine itself, the most simple of all. The 




Fig. 68. — Karavodine " Explosion *' Chamber. 

form of chamber used by Karavodine witli his experimental 
turbine is shown in Fig. 68. The only valve is the suction 
valve D, held do\vn by a light spring, and opening automatically 
by the suction produced by the momentum of the exit gases. 
This type of combustion chamber is so simple that there is 
really little to be said about it ; the type, having a momentum 
pipe added and coiled for compactness, is shown in Kg. 56 
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{vide supra, p. 129), and a regenerative type is here shown in 
Fig. 69. 



(B) THE TURBINE WHEEL : WATER-COOLING. 

Whether it ia necessary to water-cool the turhine wheel in 
gas-tuibine practice is rather a moot point. Enthusiasts 
on the non-cooling side, like Mr, R, M. Neilson, speak of using 
a temperature on the blades of 700° C, without any cooling 
device for the blades or wheel, which, as iron is a just visible 
dull red at 526° C, is, at 
least, sanguine. On the other 
side of the question, Herr 
Holzwarth considers it impos- 
sible to run a turbine per- 
manently at a temperature of 
more than 450° C. (presum-' 
ably with water cooling or 
without, as the assertion ia 
stated generally). 

In the experimenteil turbine 
of Armengaud and Lemale 
the turbine wheel was a double 
wheel of the Curtis type, 
water cooled throughout, 
even the blades themselves 
being constructed with chan- 
nels for the passage of the Fig.89. — Karavodine" Explosion" 
water. The difference in spe- Chamber with Momentum Pipe, 

„ , , /^ Regenerative, 

cinc gravity between the hot 

and the cold water, together with the centrifugal action of the 

revolving wheel, was said to cause an automatic circulation. 

The great difficulty involved with the use of high temperatures 

on turbine blades is the erof^ion, or the melting away, of the iine 

edges of the blades. Unless these edges are tapered there is, 

of course, an undue loss in efficiency of the wheel due to the 

■ " shock " of the entering fluid on the blunt edges of the blades. 

With the ordinary type of Parson blade the fine edge is 

unavoidable. It is, however, possible to construct a wheel in 

which the sharp tapering away of the blade is avoided. If a 
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wheel of section, as shown in Fig. 70, is milled out in the 
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Fig. 70.— MiUed Turbine Wheel. 



manner there shown a turbine wheel, approximating to the 
Stumpf type, is the result. It wiU be noticed, however, that 
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Fig. 71.— Stumpf Turbine Wheel. 

whereas the Stumpf wheel (Fig. 71) is so milled out as to leave 
a dividing blade between successive buckets, here there is no 
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such thin partition. The blade edges here are no longer of 
a finely tapering nature, the angle at the top of the blades 
being 90°. The angle in the case of the ordinary Parson 
blade is about 15°. It is to be expected, however, that this 
form of wheel should give a less efficiency than the true 
Stumpf type, owing to spilHng through the absence of the blade 
partitions. But even with blade partitions the wheel of this 
type would be likely to endure higher temperatures than the 
Parson type of slotted blade, owing to the fact that with the 
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Fig. 72. — Milled Turbine Wheel with Water Cooling. 

Stumpf wheel the blading is turned out of the solid.* Perhaps 
this advantage hardly applies where, as in the case of Messrs. 
Escher, Wyss, the blades are cast solid on to the rim. 
'' Double " Stumpf wheels have been constructed in which 
the fluid is reversed and led back upon the same wheel, but 
it is doubtful whether such are satisfactory. The cooling of 
the simplified Stumpf wheel is easy and efficient (vide Fig. 72). 
Owing to the unavoidable angle of inclination, the Stumpf 
wheel is less '* efficient " than the ordinary De Laval type. 
As the temperature throughout the turbine is the same as that 

G.T. M 
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upon the blades (700° Neilson, 450° Holzwarth, 500° as 
taken here), it may be necessary to water-jacket the turbine 
casing. In the mixed-fluid turbine all waste heat has to go 
to the raising of steam, and there is no difficulty in water- 
jacketing every inch of the machine. In single-fluid turbines 
the loss of heat in the water jacket is not recoverable. Referring 
to the question of radiation {vide infra, p. 167), the loss in this 
case due to that phenomenon would be only about 3 per cent., 
assuming the temperature of the outside of the turbine casing 
to be at a temperature of 300° C. (same arbitrary values 
assumed). It is essential that the bearings be thoroughly 
water-cooled in all cases. 



(C) THE REGENERATOR AND CONDENSER : THE 

SULPHURIC ACID QUESTION. 

The use of the regenerator of the Stirling air engine type, in 
which the fluid first passes over some metal conductor, thereby 
parting with some of its heat, and then a fresh supply of fluid 
enters the regenerator, thereby taking up from the metal the 
heat that the outgoing gases have rejected, is not practicable 
in the case of the gas turbine (unless it be conceivable in the 
case of the explosion turbine). The flow of fluid must be 
continuous through the regenerator, and the heat has, there- 
fore, to be taken up through metal walls. This, between air 
and air, is a wasteful process, and conduction of heat can only 
be brought about by large areas of heating surface and a high 
velocity of the issuing gases. For the mixed-fluid turbine the 
regenerator, of course, is little other than a locomotive boiler 
minus the furnace. 

The condenser is of the orthodox form. 

In this connection, however, arises the objection which has 
been most often urged against the mixed-fluid type of gas 
turbine. 

Ordinary producer gas, or town gas, even when well scrubbed, 
almost invariably contains small quantities of sulphur. These 
cause considerable annoyance to the users of gas engines. 
The sulphur contained in the fuel takes, after burning, the 
form of sulphur dioxide, 8O2. When sulphur dioxide comes 
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into contact with water an acid is formed, viz., sulphurous 
acid, in accord wdth the formula — 

H2O + SO2 = H2SO3. 

When a solution of sulphur dioxide (i.e., sulphurous acid) is 
kept for any length of time in the presence of free oxygen, one 
molecule of oxygen is taken up, sulphuric acid being formed — 

2H2SO3 + 02 = 2H2SO4. 

This action, however, is slow. 

Now it is argued that the presence of steam in the waste 
gases from the mixed-fluid turbine, forming water in the 
condenser, will combine with the sulphur dioxide that may be 
present in the gas, to form, first, sulphurous acid, and, later, 
sulphuric acid ; and that the presence of this strong acid will 
be highly injurious to the metal surfaces to which it is exposed. 
That the danger is a real one there can be little doubt ; but 
one or two points may be noticed as to the true relevancy of 
the matter. It is doubtful, in the first place, whether sulphuric 
acid is actually formed in any perceptible amount. The 
oxidation of sulphurous acid is comparatively slow, and the 
atmosphere in which the reaction takes place contains a 
considerable preponderance of the inert gases, nitrogen and 
carbon dioxide. It would not seem that the presence of small 
quantities of sulphurous acid is to be greatly feared. 

Even, however, if sulphuric acid is actually produced in the 
condenser, there are two ways open to the experimenter 
whereby its evil effects may be held in check. The first of 
these is to coat the condenser and the tubes thereof with some 
acid-resisting enamel ; a recoating would, of course, be required 
from time to time, but the matter is not more ponderous than 
that of cleaning fire tubes in a boiler ; there is no particular 
reason to suppose that any of the acid would be carried up into 
the pump (assuming the turbine to be sub -atmospheric), 
though, of course, such is possible. 

The second, and more sure, method is to introduce into the 
condenser some base which would ** neutraUse " the acid 
formed — 

X"(0H)2 + H2SO4 = X"(S04) + 2H2O. 

Such a base as lime would suffice, sulphate of lime being 

M 2 
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formed. The return, of the condensed water to the furnace 
would then be prohibited, but the thermal loss due to this 
would be very small indeed. It is still indeterminate whether 
sulphuric acid is Ukely to be formed in any quantity ; and even 
if this be so, whether it is not curable. 

(D) GOVERNING. 

The question of governing is, in the case of the gas turbine, 
an extremely difficult one. In the case of the explosion 
turbine the matter is comparatively simple, the control of 
the number of explosions made per unit of time, or of the 
number of nozzles in operation, being a matter of easy manipu- 
lation. In the continuous-combustion turbine, however, the 
problem does not allow of so satisfactory a solution. It is 
not here permissible to alter the size of the nozzle entry, as 
the speed of the pump would have to be correspondingly 
changed ; also such regulation is not delicate enough for speed 
control. 

In the case of the steam-and-gas turbine described in 
Chapter IV., with the additional high-pressure steam wheel, 
the governing is especially simple and delicate. This can be 
effected altogether on the steam wheel by by-passing the steam 
directly into the furnace. The by-passing of the steam 
altogether would drop the overall efficiency from 34 per cent, 
to 28-5 per cent. A slight bj^-passing of the steam would, 
however, suffice for the governing, causing not more than 
1 per cent, variation in the overall efficiency. The governing 
would at once be responsive and flexible. 

With types of constant-pressure turbines not using steam 
expansion on separate wheels there are two methods by which 
the peripheral speed of the turbine can be controlled : one by 
the alteration of the initial temperature ; the other by the 
alteration of the expansion ratio — i.e., by the alteration of 
the lower limit of pressure, the ** breaking of the vacuum." 

The effectiveness of the two methods may be analysed as 
follows : — 

The work done by 1 lb. of air in expanding from a pressure pi 
a pressure p2, adiabatically, is — 



W = — ^^ t;22>2(l'^' - l) 
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where R = — ; cf . T2 = temperature corresponding to p^, and 

P2 = Po- 



W = ;^^o;>o.g(RV--i) 



Now-^.^V4 = C„ = -28. 

. • . W = -25 Ti/R^' (bTT - l\ 



W 



= -25Ti (i-1/rV) 



Now rate of change of W with R- 



dn 



= -25Ti72.R-^^ + i) 



_7-l_.. 



when n = = '275. 

7 

The rate of change of W with T — 



dT 

Therefore — 

dW . dW 
dR ' dT 



= -25Ti(l— R-'^) 



4-8500 : -1175. 



Or governing by *' breaking the vacuum " is forty-two times 
more effective than governing by lowering the initial tempera- 
ture, keeping, of course, the right units for R and T, namely, 
one expansion compared to 1°. This means that 1 inch of 
water change in the vacuum is as effective as a temperature 
change of 9° C. Also, it should be borne in mind that the 
method of governing by breaking the vacuum in the condenser 
operates much more swiftly than any system of temperature 
or, perhaps, even nozzle, control. 

(E) THE PUMP. 

The ultimate success of the constant-pressure gas turbine as 
an economical heat engine depends very largely on the pump. 
In the explosion turbine of the Lenoir type, where no initial 
compression of the charge is undertaken, the pump, of course, 
ceases to be a controlling factor in the efficiency of the machine. 
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As, however, this particular class oi explosion turbine hw 
shown but poor promise of success in fuel consumption, the 
compressor still remains more than a mere pawn in the practical 




Figs 73 and 74 — Single Rotor tot Zoelly CompresBor. 



solution of the problem Even in the explosion turbine of 
Herr Hol/warth the charge is mitially compressed by a rotary 
blower to 12 lb or so above the atmosphere. The importance 
of the compressor here, of course, is not of the same magnitude 
as it is in the steam-and-air turbine. The use of piston com- 




FiG. 75. 



for seven Compreesions. 



pressors is almost entirely prohibitive on account of the extreme 
bulkineas of such machines dealing with the quantities of air 
re(|uired in gas turbines. 

The rotary compressor i^, in its essence, extremely simple. 
It consists of a rotor, bearing radial — or sometimes curved — 
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blades, which deliver the air through an expanding nozzle — 
difEuser — to a series of guide blades, which in a multiple 
machine conduct the air into the eye of the next wheel. A 
sufficient number of these rotors are mounted upon a continuous 
shaft, the exhaust from one delivering into the eye or inlet of 
the other. 
There is but small divergence in the form of rotor and pump 




Fig. 76. — Zoelly Rotary Compresaor. 



chamber employed. In the Zoelly pump the rotor blades are 
radial, and cupped into the form of a rectangular channel; 
they are only shrouded for about half their length from the 
inner margin. In the Rateau compressor the blades are not 
simply radial but curved, commencing radially on the inner 
edge and finishing more or less tangentially at the periphery. 
The blades are shrouded for the whole of their length. 

In the Zoelly form of rotary compressor guide blades are 
introduced at the eye of the rotor and the expanded diffuser 
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into wliich the rotor delivers is also fitted with blades. In the 
Ratcau pump the rotor delivers into a " free vortex," guide 
blades being employed to conduct the air towards the centre of 
the ensuing wheel. 
An illustration of the rotor for a Zoelly oompresaor (by 




loo 200 myelin 3oo 

Fig. 77. — Efficiency Diagram for Zoelly CompresBOr. 



Messrs. Eseher Wyss) is shown in Figs. 73 and 74, and in 
Fig. 75 is shown the whole rotor for a compression of one to 
seven atmospheres absolute. A section of a double " balanced" 
compressor by the same firm is shown in Fig. 76. The system 
of water-jacketing is clearly shown. A diagram giving the 
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u the peripheral velocity of rotor in metres per second. 
g the acceleration of gravity in metres per second per second. 
fjL a coefficient, varying with the form of the rotor blades — ^with 
the Rateau compressors it lies between 0*50 and 0*65. 

This gives the relation between peripheral speed and ratio 
of compression, which is independent of the actual value of the 
initial pressure, since the work done for a given ratio of com- 
pression is constant. 

If R is the ratio of the final to the initial pressures — or the 
ratio of compression — ^then — 

R= 1 + 6 X lO-'^t;^. 

Where v = peripheral velocity of rotor in feet per second. 
Or— 

R = 1 + 1-64 X 10-9 X NW 

Where N = number of revolutions of rotor per minute ; and 
d = outside diameter of rotor in feet. 

Thus, with a peripheral velocity of 600 feet per second a 
compression ratio is obtained equal to 1*216. The increase of 
compression with the number of elements employed increases 
in geometrical progression. That is to say, if r is the ratio of 
compression for one element and if R is the final compression 
ratio desired, then — 

r» = R 

where n is the number of elements. 

Thus, if six compressions are required, and if the peripheral 
velocity is 600 feet per second, at least nine elements will be 
necessary. 

For low-pressure compressors it is usual to make them in 
duplicate ; the air being taken in at both ends and delivered 
at the centre, or drawn in at the centre and out at the ends. 

In cases where greater ratios of compression are required — 
that is, compression ratios of six to ten, such as are necessitated 
in the gas turbine — ^the number of elements required becomes 
of such magnitude that it is no longer permissible to balance 
the machine by the simple process of duplication. In these 
cases the compressor is divided into two or more groups of 
elements separated by bearings, the air being made to traverse 
the " cylinder " (vide note, infra) in opposite directions, so that 
a balance may be obtained. 



ACCESSORY MACHINERY 



171 



With rotary compressors in which the ratio of compression 
is small, and the number of elements consequently few, high 
efficiencies have been obtained — 80 per cent, being by no means 
an uncommon figure, while values approaching even 90 per 
cent, have been reached. With greater ratios of compression 
the efficiency, unfortunately, is considerably lower. The 
rotary pump used in the Armengaud-Lemale experiments gave 
an efficiency of about 65 per cent. This result has, however, 
been since improved upon, and efficiencies of 70 per cent, have 
been achieved with compressors delivering air up to 100 lbs. 
pressure per square inch. 

Apart from the rise in temperature caused by insufficient 
cooling and the consequent departure from the conditions of 
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Fig. 80. — Pressure-Temperature Diagram for Rateau Compressor. 

isothermal compression, the only losses that remain to be 
accounted for are leakage, friction in bearings, and the air 
friction of the revolving parts. Of these the last item is 
the most important. The work taken up in air friction is 
directly dependent upon the density of the air in which the 
rotor revolves. Fig. 80 is a diagram showing a connection 
between the density of the air and the work lost in friction. 
It is only indicative in nature, and is based upon the trials of 
a four-cyUndered Rateau compressor at the Mines de Bethune. 
In this instance the air was not cooled between each element, 
but only between each group of elements — that is, between 
each " cylinder." ^ The temperature at the entry and at the 

^ The above data is from a paper by Professor Eateau on high- 
pressure, rotary air compressors. It is difficult to find an English 
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exit of each group of elements was ascertained. This was 
found to be in excess of the temperature theoretically due to 
the work done in the adiabatic compression. The difference 
in temperature between the actual value recorded and that 
theoretically determined can only have been produced by the 
work done in the friction of the rotors against the air in which 
they revolved. If, therefore, this excess temperature rise for 
each " cylinder " is plotted against the mean pressure in each 

" cylinder," some indi- 
cation will be afforded 
as to the increase in 
f rictional losses with the 
change in density of the 
medium. 

When the density of 
the medium in which 
the rotor revolves is 
zero, the frictional re- 
sistance must of neces- 
sity vanish. The curve 
of the locus of the tem- 
perature pressure values 
for the four " cylinders " 
must therefore pass 
through the origin. 
This is indicated by the 
dotted portion of the 
graph ; its form is, of 
course, indeterminate. 

The above mentioned 
data afford no quanti- 
tative evaluation of the 
work lost in friction ; they merely bear out the formulae for air 
friction with revolving discs of Odell, Lewecki, Stodola, etc., in 
which the friction is directly dependent upon the density of the 
surrounding air. 

word to denote the "group of elements" of a multiple compressor. 
The word used by Professor Rateau is "corps"; a direct translation 
would be meaningless. I have substituted the word "cylinder" as the 
nearest equivalent. 




600 700 BOO 

Peripheral VelocitiesrH/sec 

Fig. 81. — Graph of Rateau and Odell 

Formulae. 
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The moral of the matter in gas turbine practice is clear. In 
cases where no more than six or seven expansions are employed 
in the turbine it is obviously more efficient to perform this 
expansion below the atmosphere than above it. That is, to 
use the rotary pump not as a compressor, but as an exhauster. 
With six expansions below the atmosphere, for example, the 
mean density of the air is only 8*75 lbs. per square inch. With 
six compressions above, the mean pressure is 52*5 lbs. — a 
density six times as great. According to Odell's experiments 
the work lost in air friction is directly dependent on the density 
of the medium in which the disc revolves. In the latter case, 
therefore, the frictional losses would be increased to six times 
their former value. Referring to the peripheral speed necessary 
to obtain a certain ratio of compression, it is obvious that the 
number of elements may be very considerably reduced (under 
any fixed total expansion ratio) by the increase of the peripheral 
speed. In Fig. 81 is shown the variations in the number of 
elements, for six compressions, with variable peripheral 
velocities of from 400 to 1,000 feet per second (curve AB). It 
is naturally desirable that as high a peripheral velocity as 
is practicable should be used, as by so doing the bulk of the 
machine is very considerably reduced. The objection to high 
rotational speeds is an economic one. According to Odell's 
experiments with the air friction of smooth discs (approxi* 
mating to the case of the Rateau shrouded wheel), revolving 
in free air, the work lost in air friction — 

L = 0-02296 . k . D^^ {ujlOGf . p. 

Where D is the diameter of the disc in feet. 

u is the peripheral velocity in ft./sec. 

p is the density of the medium. 

A* is a constant ; approximate value, 3* 14. 
It will be thus seen that the frictional loss depends upon the 
cube of the peripheral speed. It is also directly proportional 
to the number of elements (for any given output). Therefore, 
in the diagram above mentioned (Fig. 81) if these losses are 
plotted against the varying velocities, taking into account the 
change in the number of elements, we have the equation, loss 
due to friction — 

L = K . 71 . 1^^ 
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Where n is the number of elements. 
u the peripheral velocity. 

K a constant, depending upon the size of the rotor and 
the conditions of working. 
This equation is shown in Fig, 81 by the broken hne CD. The 
value of this constant, K, can be determined, approximately, on 
certain assumptions, from purely experimental data. 

In Fig. 82 is shown the performance curves for a Kateau 
turbo-compressor of 328 H.P. pumping to 60 lbs. per square 

















1 1 




1 ■ 1 


1 1 , 












- 




wo nn 


_ 


_ 


_ 


_ 


_ 


_ 


_ 






_ 


4^ 


,™ 


^ 


sarX- 








L 




'0 




~ 


- 


- 


- 


- 


- 


- 




:"i 


r 


^ 




p 




Tim 


mi 


re 


w 


^ 


i. 


^ 




- 




I ^ 
























































_ 




_ 


^ 


^ 




-^ 


^ 




4a 


.j^r: 












_ 


_ 




_ 












ee 




H 


|- 




- 


- 


- 


? 


^ 


^ 






- 


- 


- 




















1 1 












^ 
















k' 


























































"i 
























































'^ 


■V 






































































^^L 
















































































e 




Tf 




r 








f 


n. 


f> 


ff 








k 4 


























* 


1 




























4 '0 





















































































































































i 















Fig. 83. — Performance Curves for Rateau Turbo -Compressor. 

inch, at a constant speed of 4,000 r.p.m., by Messrs. Brown, 
Boveri & Co. It will be seen from the curves in question that, 
when delivering to a pressure of 60 lbs. abs., the pump gave an 
efficiency of 66 per cent. ; and when pumping to a pressure of 
40 lbs. abs., an efficiency of 70 per cent. The peripheral speed 
is constant ; the surface of the rotating body is constant ; the 
only condition affecting the value of the loss due to air friction 
is the drop in pressure and the subsequent change in the mean 
density of the medium. It is assumed that this change does 
not affect any other loss but that of the air friction. 

Consider the theoretical output to be 100 units of work — 
We have total loss, Zi, at mean density, 37-5 lbs. abs. = 34. 
total loss, Za, at mean density, 27-5 lbs. abs. = 30. 
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Let all losses other than that due to air friction be represented 
by A. Let loss due to air friction at maximum pressure, 
60 lbs. (p = 37-5 Ibs./sq. in., abs.) be denoted by Li ; that at 
maximum pressure, 40 lbs. (p = 27-5 Ibs./sq. in. abs.), be 
denoted by Lg. Then we have the equations — 

Zi = Li + A 
Z2 = L2 -f" A. 
But 

Li = C . /o = C . 37-5 
L2 = C^^. = C^27•6, 

where C is the constant when p is given in terms of lbs. per 
square inch absolute. 
We have, therefore — 

34 = C'. 37-6 + A 
30 = C . 27-5 + A 

4 = CMO 

Therefore 

C = -4. 

And the loss due to friction, L = '4/0, where p is reckoned in 
lbs. per square inch absolute. 

Thus, when the compressor is pumping from the atmosphere 
to 60 lbs. absolute, the loss due to friction — 

L = 37-5 X 4 = 15 per cent. 

and the losses due to other causes 19 per cent. 

Consider the same machine (A remaining constant) to be 
used for the sub -atmospheric air turbine, compressing from 
1-5 lbs. to 15 lbs. abs. The mean density in this case is 
8-25 lbs. abs. Therefore — 

L = 8-25 X -4 = 3-3 per cent. 

The loss due to causes other than disc friction is still 19 per 
cent., and therefore the total loss in this case is 22*3 per cent. 

This means that the thermodynamic efficiency of the rotary 
compressor working entirely below the atmosphere, as proposed 
in the case of the mixed-fluid gas turbine described in 
Chapter III., is 77-7 per cent., whereas the thermodynamic 
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efficiency of the pump compressing from the atmosphere to 
60 lbs. abs. is only 66 per cent. : or, in the case of the same 
ratio of expansion above, to that below the atmosphere {i.e,, 10), 
4vS per cent. 

This shows very clearly the immense advantage of sub- 
atmospheric expansion for the constant-pressure gas turbine 
mixed-fluid or otherwise. 



CHAPTER VIII. PRACTICAL LIMITATIONS 

The question that is most pregnant in the gas turbine 
problem is the fixing of what are the limiting conditions under 
M'hich the machine may satisfactorily operate. The pressing 
fundamental questions that have to be answered before any 
result can be calculated, are : (1) What is the maximum 
temperature that can be used in the cycle ? (2) What is the 
maximum peripheral speed at which the turbine wheel may be 
run ? (3) What is the maximum pressure that can be employed ; 
what is the minimum pressure that can be employed ; and, 
from these, what is the maximum expansion ratio that can be 
used ? 

Thus we have the following limiting conditions to fix — 

(a) Maximum temperature before expansion, Ti. 
(6) Maximum temperature after expansion, T2. 

(c) Maximum peripheral velocity of wheel, u, 

(d) Maximum pressure in cycle, pi, 

(e) Minimum pressure in cycle, p2. 
(/) Maximum expansion ratio, R. 

Now these conditions are not independently variable, but 
there is one primary condition from which all the others 
emanate ; this is the maximum temperature that can be used 
after expansion — the maximum temperature, T2, that can be 
used on the turbine blades. Having settled this value, T2, we 
can then find the maximum temperature, Ti. There is, of 
course, a limiting value of Ti, independent of any other factor, 
the temperature, in short, which the material of the combustion 
chamber can no longer stand ; this value, however, is outside 
the range of practice, and need not be considered here. The 
limiting value of Ti is really fixed by the quantity of work that 
the turbine can absorb, this work being proportional to (Ti— T2). 
If u be the peripheral velocity of the turbine wheel, we have — 

Ti = (/) {u, T2), 

where </> denotes ** function of." (u is regarded as equal to 

G.T. N 
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n . u\ where 71 is the number of rings of blades on the initial 
turbine wheel and u' is the actual value of the peripheral 
velocity ; u really represents the " work-absorbing " power of 
the wheel.) 

The value of u is given by — 

w = <^i {u\ n) 

where v/ and n have to be fixed as independent constants. 

The maximum and minimum pressures in the cycle pi and p^ 
have absolute limiting values, the first being dependent on 
the maximum pressure to which the pump used can pump 
(or in the case of the explosion turbine the maximum pressure 
which the explosion vessel can stand) ; the second dependent 
on the lowest vacuum that can be realised with the type of 
exhauster used. Both pi and p2, however, have limiting values 
within these, dependent on the expansion ratio that it is 
allowable to employ. This is expressed by — 

Pl = </)2 (R, P2) 

P2 = </)3 (R, Pl)' 

Lastly, we have relation — 

R = ^4 KT2). 

We have now to consider individually the values of the 
above-mentioned limits under conditions of normal practice. 

In the preceding chapters, it will be remembered, Tg was 
taken constant at 500° C. ; u was taken constant at 850 ft./sec. ; 
P2 was taken at 1-5 lbs. ; pi (about) 90 lbs. abs. ; R, as an 
independent value, once at 20 (p. 38), once at 10 (p. 56). 
The orthodoxy of these assumed values has now to be discussed. 



I. THE TEMPERATURE PERMISSIBLE UPON THE 

TURBINE BLADES. 

In the last chapter it was pointed out that ]VIr. R. M. Neilson, 
in his paper before the Institution of Mechanical Engineers,^ 
suggested using a temperature of 700° C. (without wat^r- 

1 October 2l8t, 1904. 
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cooling), and a temperature of 1,500° C, or even 2,000° C. (with 
water-cooling). 

In the same year (1904) as Mr. Neilson's paper, appeared the 
first notice of the experimental work of Armengaud and 
Lemale (A. Barbezat, Schweizerishe Bauzeitung, August 27th). 
The wheel of their turbine, which was water-cooled, ran, in 
this case, at a temperature of 400° C, a considerable drop 
from the temperatures mentioned by Mr. Neilson of 1,500° to 
2,000° C. Four years later, in the winter of 1908, were begun 
the experiments made by Herr Holzwarth, of Mannheim, upon 
the explosion turbine. In October, 1911, these experiments 
reached a head in the construction of a '' thousand horse- 
power " turbine. In the tests published it appeared that the 
value of T2 varied between 457° C. and 947° C. In the Journal 
fur Gasbekuchtung (Munich) for September of last year 
Herr Holzwarth asserts : " that in my experience a turbine 
cannot be worked permanently at more than 450° C." This is 
the state of affairs at the present moment as far as the author 
knows. It must be remembered, however, that the wheel of 
the Holzwarth turbine was not water-cooled, and it may be, 
perhaps, that his remarks refer only to non-cooled rotors. 

The evidence provided, it must be admitted, is not over- 
whelming. At 526° C. iron exhibits a dull red heat that is 
just visible. Without any system of water-cooling it may, 
perhaps, be assumed that it would be possible to use a tempera- 
ture of 500° C. upon blades specially composed of some resistant 
alloy. This we may regard as the maximum limit for T2 with 
non-water-cooled turbine wheels, though it is only fair to admit 
that Herr Holzwarth, who certainly has a better right to speak 
on such a subject than any other living man, will not allow a 
value exceeding 450° C. 

With an efficient system of water-cooling it might be possible 
to raise this value of T2 from 500° C. up to (say) 700° C. It 
may be taken that 200° C. represents the increase in tempera- 
ture allowable by the introduction of artificial cooling processes. 
This may be regarded — until we have some further experi- 
mental data to hand — as the maximum possible temperature 
limit for water-cooled blades — a sufficient falling off from the 
figures proposed by Mr. Neilson in 1904. 

It may be assumed, without too great a risk of being wrong, 

N 2 
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that 400° C. without water-cooling, and 500° C. with water- 
cooUng, are eminently sane values for T2, in actual present-day 
practice. We have, therefore — 

By common Maximum 

practice. value. 

T2, without water-cooling . . 400° 500° C. 

T2, with water-cooling . . . 500° 700° C. 

It is by no means denied that higher values than these may 
be obtained by use of cooling devices as yet unconceived, or 
with blade material, as yet undiscovered. But to base constants 
or limits on the visionary results of future experiments seems 
neither logical nor capable of being of much use to anyone. 

II. THE PERIPHERAL VELOCITY PERMISSIBLE FOR 

TURBINE WHEELS. 

UnUke the case of the maximum temperature that it may be 
possible to use on turbine blades, we here have plenty of 
experimental evidence and, what is much more, evidence of 
common working practice, as to the maximum speed at which 
turbines may be run. Turbines that are designed for special 
purposes, i.e., ship propulsion, etc., require specially low 
peripheral speeds. It is not necessary that, at the present 
juncture in the evolution of the gas turbine, we should regard 
these. What we more particularly have to deal with is the 
gas turbine unit driving dynamos or alternators. The speed 
at which such may be run is (within wide limits) arbitrary. 
What we are more immediately concerned with is the maximum 
peripheral speed allowable in ordinary steam turbine practice 
for the turbine rotors. 

It must be remembered that the drop in temperature of the 
working fluid from Ti to T2 must take place before entering the 
first wheel, and that all the kinetic energy thus produced must 
be absorbed, as far as possible, upon the first wheel, whether 
or no any further expansion below T2 on other wheels takes 
place. The species of turbine required, therefore, must be, 
essentially, of either the De Laval or the Curtis type, or an 
intermediate form between these two, that is, a one-wheel 
turbine with a double ring of blades. This last type was used 
in the experiments both of Armengaud-Lemale and Holzwarth. 
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De Laval has run his turbine wheels at over 1,300 ft. /sec, but 
the diameter of the rotor was under 30 inches, and the necessary 
reduction of shaft velocity to that suitable to the driven unit 




Li ^ 

Fig. 83. — Three-Dimension Diagram, showing Variation of Frictional 
Loss of rotating disc with Diameter of Rotoi^ and Peripheral Speed. 

had to be effected by gearing. It must be borne in mind that 
all losses due to the friction of the rotor in the medium in which 
it revolves is proportional to the 2'5th power of the diameter 
of the rotor, the cube of the peripheral speed, and directly to 
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the density of the medium (Odell). That is to say, we have 
loss due to friction — 

Consider a particular instance. Let loss due to friction be A, 
when D is 3 feet and u is 100 ft./sec. Let D be increased to 
6 feet, and u to 600 ft./sec, we have — 

L = 610 A. 

Or, if in the first instance the rotational frictional loss 
equalled -05 per cent., in the second case it would equal 30*5 per 
cent. We have here a factor varying with two variables. The 
results of this variation are sho\vn on the three-dimensional 
diagram (Fig. 83). The relative increase in the frictional 
loss L is obtained for any values of D and u by dropping 
perpendiculars on to the base surface. 

We need not consider the question of geared gas turbines of 
the De Laval type ; any possible increase in work done, gained 
by the increase of the speed of the rotor, being more than 
counteracted by the loss in the gearing. 

The highest peripheral speed used in practice with large- 
wheel, non-geared turbines was attained with the Stumpf 
turbine, which ran at speeds of 1,000 ft./sec. or over. An 
8-foot wheel running at 2,400 r.p.m. would produce this 
peripheral velocity. This is, however, still an excessive figure. 
It would, perhaps, be more reasonable to take 900 ft./sec. as 
a maximum and 800 ft./sec. as a probable value for u in actual 
practice. 

in. THE MAXIMUM VALUE OF THE EXPANSION RATIO. 

The maximum expansion ratio allowable is determined by 
the amount of work that the first wheel of the turbine can 
absorb and the maximum temperature which that wheel can 
withstand, assuming, of course, that there is no further 
expansion below this temperature. This value of R will be 
greater for the constant-volume turbine than for the constant- 
pressure turbine, as the work done per unit weight of fluid is 
greater in the latter case than in the former. The determina- 
tion of R for the two cycles is obtained in the following 
manner : — 



m 



PRACTICAL LIMITATIONS 183 

(a) For the constant-pressure, single-fluid gas turbine — 

W = C^(Ti-T2) 

where u is the actual peripheral velocity of the wheel, and n 

represents the ratio -, v being the velocity of the working 

fluid ; n is dependent on the number of rings of blades on the 
wheel (i.e., two usually) and the angle of entry and residual 
velocity of the waste gases leaving the turbine. With single 
Curtis wheel turbines n maybe taken as equal to 5 (videp, 31). 
Now — 



Ti ^ T2 . R Y . 



Therefore we have- 



2— J = Cp (T2 . R 7 — T2), 

• •^""L29r.J.C,.T2 'J 

We can thus get for limiting values of R, a maximum 
possible value when T2 = 500° C. (or 700° C), and u = 900 ft ./sec, 
and a more likely value when T2 = 400°C. (or 800° C), and 
21 = 800 ft./sec. 

(6) With the constant-pressure, mixed-fluid turbine the 
absolute calculation of R is extremely difficult. 

The value can be approximated by taking an assumed value 
for y, the quantity of steam added to the products of 
combustion and approximate values for T2 in the Rankine 
formula — 

Thus we have — 

1^; = i [C. (T, . B'i^ - T.,] + , [,, - .) (1 + ^) + C., 



2g 

Y-l 
(T2 . WV- rO - T, (loge ^ + C,^ . loge ^''^" ) ] 

The values of y, 72 (ri being fixed) are, of course, dependent 
on R. 



-^{l+2/}. 
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(c) For the const aiit-vohime, Biiigle-fluid turbine. Here we 
have — 

W = C, (Ti - To) - C, (Ta - To). 

•••^7j=C.|R.TTa-Ta-7Ti, + 7Toj- 

This gives two values, as before, for R maximum, according 
to the maximum value chosen for Ta and u. 



IV. THE MAXIMUM AND MINIMUM PRESSURES 

POSSIBLE IN THE CYCLE. 

The determination of the maximum pressure, pi, is, in the 
constant-pressure gas turbine, concerned directly with the 
capabilities of the pump. With a piston pump there is, of 
course, no Umit, theoretically, to which the gases may be 
compressed, as the compression takes place above the critical 
temperature of the gases in question. Both the size of the 
pump and the inefficiency consequent at high pressures, 
however, soon set a limit to which the rotary compressor can 
be used. 

The Rateau compressor used in the Armengaud-Lemale 
experiments compressed the air from the atmospheric pressure 
to 112 lbs. per square inch absolute. At this compression it 
gave 65 per cent, efficiency. It, perhaps, may be safely said 
that 150 lbs. per square inch absolute represents the maximum 
value to which rotary compressors could pump with anything 
like a reasonable number of elements and a commendable 
efficiency. A value more coincident with common practice 
might be taken at 100 lbs. 

The determination of the limiting value of the minimum 
pressure to which a rotary compressor could exhaust is 
extremely difficult, on account of the absence of any data as 
to the performance of these machines under sub-atmospheric 
conditions. That, both from the experimental data available 
(vide p. 174), and also from theoretical considerations {vide 
p. 173), the rotary compressor would be more efficient at low 
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pressures there can be but little doubt. To place a limit to 
the terminal pressure at which air becomes so rarefied as to 
cease to foUow common centrifugal laws is impossible. In the 
absence of all experimental evidence concerning the matter, 
the author has fixed the value of ^2 at 1'5 lbs. per square inch ; 
but there seems no adequate reason why vacua of 1 lb. or 
even '5 lb. should not be obtained. 

The determination of the maximum value of pi with the 
explosion turbine is, of course, determined by the maximum 
value of R, assuming that the terminal pressure is that of, or 
approximately that of {vide infra, p. 228), the atmosphere. 

Two factors that do not exactly come under the head of 
*' limiting conditions," but which determine the overall 
efficiencies of the various types of gas turbines, are the thermo- 
dynamic efficiencies of the turbine and rotary pump. These, 
of course, have to be taken at such values as these units give 
in practice. Let us consider the case of the turbine. 

The best turbine thermodynamic efficiencies obtained with 
steam turbines approach something like 70 per cent. This 
figure has been adopted so far in the working out of the overall 
efficiencies. But two points have to be borne in mind. First, 
one of the chief sources of loss in the steam turbine, namely, 
the premature condensation of the steam and its presence in 
the blade channels, is eliminated in all gas turbines ; even in 
the mixed-fluid turbine the conditions of superheat admit 
of no such condensation. Secondly, in the sub -atmospheric 
turbine, the loss due to ** disc " friction is greatly decreased 
compared to that in super-atmospheric turbines (this is one 
of the reasons that go to making low-pressure steam turbines 
much more efficient than high -pressure ones). On these 
grounds it is not altogether unreasonable to assume that, 
except in the case of the explosion turbine, a higher thermo- 
dynamic efficiency is likely to be obtained than that which is 
obtained at present in the steam turbine. This higher value 
may be set at 75 per cent. 

With regard to the rotary pump, in Rateau compressors 
efficiencies have been obtained of 70 per cent, or even over 
with super-atmospheric compresvsion. This value has been 
adopted as an assured maximum in practice. On considera- 
tion of the extremely probable increased efficiency under sub- 



186 



THE GAS TURBINE 



atmospheric conditions, a maximum possible value for the 
eflBciency (under those conditions) will be taken at 75 per cent. 
For a survey of the efficiencies of the various types of gas 
turbines, and their comparison with those of other prime 
movers, we have a double basis of calculation : one upon the 
maximum values of the limits in common present-day practice, 
and the other upon the very probable values which, with the 
conditions under which gas turbines would work, might not 
unlikely be achieved. 
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On this dual basis a survey of the economic position of the 
gas turbine is carried out in the next chapter. 



CHAPTER IX. SUMMARY OF EFFICIENCIES AND 

COMPARISON OF TYPES. 

Only three types of gas turbines have given, in practice, 
any promise of approaching the efficiencies achieved in other 
prime movers. These three are the single-fluid, constant- 
pressure, gas turbine ; the single-fluid, constant-volume gas 
turbine ; and the mixed-fluid, constant-pressure steam-and- 
gas turbine. 

Of these three turbines, the first two have been built as 
actual working machines and experimented with (Armengaud 
and Lemale and Holzwarth) ; the third, has not, as far as the 
author is aware, been put to the test of actual experiment — at 
least, not with a machine of any size (with a caveat as to the 
claims of the Armengaud-Lemale turbine being considered in 
this category). It is now possible to make a general survey 
of these three types of gas turbines in respect to the efficiencies 
which, in practice, they might be expected to give. 

In the last chapter it was pointed out how the efficiency of 
the gas turbme depended absolutely upon the Umits of tempera- 
ture, velocity, etc., within which it had to operate, and a dual 
list of these limits was laid down : the one such as could be 
entertained with some certainty from present-day practice in 
allied cases ; the other, as might be expected (by one of a 
sanguine temperament) to be permissible under such special 
conditions as, in the case of the gas turbine, might possibly be 
achieved. These three types of gas turbines are to be considered 
under the following conditions : — 

(A) By common practice : — 

(1) Non-water-cooled — 

Ta = 400° C.:u = 800 ft./see. 
e^ = 6^ = 70 per cent. 

(2) Water-cooled — 

Ta = 500° C.:u = 800 ft./sec. 
6^ = 6^= 70 per cent. 
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(B) By special conditions : — 

(1) Non-water-cooled — 

Ta = 500° C.:u = 900 ft./sec. 
e^ = Cp = 75 per cent. 

(2) Water-cooled — 

Ta = 700° C. : 1^ = 900 ft./sec. 
ei = ep = 75 per cent. 

This will give us the " overall " efl&ciency of the various types 
with the exception of such heat losses as may take place from 
the combustion chamber, no factors for which have been 
included in the above limits. 

The omission of the factors for combustion chamber heat 
losses have not been included in the above limits for the reason 
that they are different for the different types of turbines. In 
the case of the constant-volume gas turbine, they would appear 
to vary from 40 per cent. (Clerk) to 15 per cent. (Holzwarth). 
They are here taken at 30 per cent, for common practice and 
15 per cent, for special conditions, giving ** furnace efl&ciencies " 
of 70 per cent, and 85 per cent, respectively. Similar figures 
have been chosen for the constant-pressure gas turbine, though 
it is reasonable to suppose that, in this case the losses would 
tend to be higher. First, the combustion chamber is continually 
subjected to the maximum temperature of the cycle, instead, as 
in the case of the explosion turbine, being only intermittently 
exposed to it ; secondly, because an " air-to-air " regenerator 
would tend to serve as a centre for the distribution of radiant 
heat. In the explosion gas turbine, where the regenerator 
takes the form of a steam boiler, this source of heat loss is 
eliminated. 

The type of explosion turbine chosen here for analysis is 
that of the Holzwarth type, the available waste heat from the 
turbine exhaust being used to drive the rotary pump for the 
initial compression, by the raising of steam and its subsequent 
expansion in a steam turbine. The range of expansion for 
this steam turbine is assumed to be 150 lbs. abs. to 1 lb. abs., 
giving a thermal efficiency of 28-3 per cent, (vide pp. 89 and 116). 
In reference to this, other factors influence the efficiency of the 
explosion turbine, the limit of peripheral velocity of 900 ft./sec., 
(velocity of fluid equals 4,500 ft./sec.) not being reached until 
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the upper limit of temperature, Ti, which is fixed by r, the 
compression ratio of the pump, and Tg, the temperature after 
expansion, has been achieved. These limits are dealt with 
latter. 

In the case of the steam-and-air turbine, the furnace, or 
combustion chamber, as well as the turbine itself, is completely 
water-jacketed. The losses by radiation and conduction from 
the furnace and regenerator are in the same category as those 
from a steam boiler. 

In the following comparison of efficiencies all such losses 
have been taken at 10 per cent, for the case of common practice, 
and 5 per cent, for that of special conditions. In the case of 
the mixed-fluid turbine that type only has been considered 
as is likely to give the best results in practice, namely, the 
sub -atmospheric type. The derived type, with partial steam 
expansion on a separate wheel, is also considered. 

Let it be assumed, to begin with, that there are no furnace 
losses. 

CASE I.— THE SINGLE. FLUID, CONSTANT-FRESSURE GAS 

TURBINE. 

A l..By common practice, not water-cooled — 

T2 = 400° C.:u=: 800 ft./see. : e^ = e^ = 70 per cent. 
t2 = 215° C. 

Then the velocity of the working fluid — 

V = n .u 
= 5 . 800 = 4,000 ft./see. 

and the work done — 

4 000^ 

W = ^^=177T.U. 
2g.J 

Now 

W = C, (^1 - 0,) 

= C,, 02 (R^ - 1), where n = (7 - l)/7. 

With 02 = 673° A, 

R = 13-5. 

It is assumed that, under conditions of common practice, the 
exit temperature for the regenerator would not be likely to 
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fall below 215° C. We have, therefore, waste heat from 
regenerator — 

A = Cp(T2-fe) 

= Cp (215 - 15) 

= 50 T.U. 

The negative work done by the pump — 

w= 18-7 loge 13-5, 
= 48-6 T.U. 

Therefore, thermal efficiency--- 

W — w 
7] = ^ , ■ = 56*6 per cent. 

and overall efficiency — 

„ ^ - 7 W - wl-7 
E = « W + h 

= 24 per cent. 

For the limits under condition A 2 (by common practice, 
but with water-cooling) T2 = 500° C, other limits as above, we 
have, from the same analysis — 

r; = 59 per cent. 
E = 27 per cent. 

Similarly, for conditions of limits B 1, namely, T2 = 500° C; 
u = 900 ft. /sec. : e^ = e^, = 75 per cent., and with exit tempera- 
ture from regenerator taken at 175° C, instead of 215° C. — 

r; = 65 per cent. 
E = 37-3 per cent. 

and for B 2, with limits as above, with the exception of 
T2 = 700° C— 

r; = 68 per cent. 

E = 41*2 per cent. 

CASE XL— THE SINGLE-FLUID, CONSTANT-VOLUME GAS 

TURBINE. 

The explosion turbine of the Holzwarth type is here chosen 
for analysis as representing the most practically successful type 
of constant-volume gas turbine. In fixing the limits within 
which this machine is to work, it is necessary to discard the 
peripheral velocity of the turbine wheel as a limiting factor in 
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fixing the efficiency of the turbine. The reason of this is that, 
the value of 6^, being fixed, a hmiting value for 9i is reached 
before the work done upon this expansion from 6i to 6^ has 
reached the limiting value, W — (nu)^/2gj, with the value of 
** u " from 800 to 900 ft. /sec. The dependence of Oi on the new 
factor is shown as follows : — 

Let R represent the expansion ratio in the turbine, and r that 
in the pump. Let the initial temperature be Oi. Assuming the 
working fluid to obey Charles' law, we have — 

R = r . 0il0o. 

Now ^1 = ^2 . R y ' therefore — 

0, = 0^{r. 0il0o)^\ 

where is the atmosphere temperature. 
Or— 

y (7-1) 

0^ = 0^ (rl0o) 

It is thus seen that 0^ being fixed, 0i depends upon the ratio 
of compression in the pump. Now, in the particular type of 
explosion chosen for consideration, it is assumed that all the 
available waste heat from the turbine exhaust (i.e., from 02 to 
^o) is utilised in raising steam to drive the pump. It is also 
assumed that the thermal efficiency of the steam cycle adopted 
is 28-3 per cent, (i.e., 150 — 1 lb., vide supra). Let the thermo- 
dynamic efficiency of the steam turbine driving the pump be 
denoted by e", the efficiency of the regenerator raising the 
steam by e' ; the thermodynamic efficiency of the pump, as 
before, e^,, and that of the gas turbine, e^. 

The heat abstracted from the regenerator is done under 
conditions of constant pressure. The heat available is, 
therefore — 

h = Cp {02 — 0o)' 

Therefore we have the negative work done by the pump in 
compression is — 

w = h (e" .e\ Cp). 

We have, also — 

w^k , loge r 

where ^ is a constant. 
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Therefore 

loge r = j^. (e" . e' . e^). 

This is a Umiting value for the compression ratio in the pump 
dependent upon the values chosen for O^, e", c', and e^. 

The value of the efficiency of the regenerator, e\ has been 
taken as constant under all conditions at 80 per cent. This 
is in accord with the best steam boiler practice. For condition 
A of common practice the thermodynamic efficiency of the 
vsteam turbine, e", has been taken at 70 per cent. ; for condi- 
tion B of special conditions at 75 per cent. The remainder 
of the Umiting conditions are taken the same as for the constant- 
pressure, single-fluid gas turbine, for states of condition 
enumerated ; the limits, u and t being omitted. 

A 1. By common practice, non-water-cooled — 

T2 = 400° C. : e^ = 6^ = e" = 70 per cent. : e' = 80 per cent. 

With the explosion turbine, however, we have an added loss 
in the thermodynamic efficiency of the turbine owing to the 
variable velocity of the effiuent gases on the turbine wheel. 
This loss, under conditions that '' u = vj3 " amounted to 
18-6 per cent, of the total kinetic energy available {vide, 
Chapter V). Let it be assumed, in round figures, that this loss 
is 18 per cent. The value of 6^ then becomes, on the same 
basis of comparison as in the case of the constant-pressure, 
single-fluid turbine (70 — 18) or 52 per cent. Therefore, 
emended value for 6^, is 52 per cent. 

Now we have — 

e, = 0I' (Tie,)'" 

= 1,340° A 

a value being taken here for 02 of mean between 673 and 
773° A — for A 1 — by common practice. 
The work done — 

W = heat put in — heat rejected. 

= Cc (^1 — ^0) — Cp (^2 — ^o)« 
Substituting for C^,, 7 . C^, we have — 

W = C, (^1 - y02 + (7 - 1) ^0). 
This gives value for work done (02 = 673) — 

W = 68-4 T.U- 
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The heat put into the combustion chamber — 

H = Cp (^1 — ^o) 
= 164 T.U. 

Therefore, thermal efficiency — 

V = W/H. 
= 68-4/164 = 41-7 per cent. 

Taking e^ at 52 per cent., we have overall efficiency — 

E = 41*7 per cent. X 52 per cent. 
= 21*7 per cent. 

Similarly, for condition A 2, T2 = 500° C, other limits as 
before {O2 still at mean value between 673 and 773) we 
have — 

rj = 426 per cent. 
E = 22-2 per cent. 

The same methods of calculation are employed for condi- 
tion B, when T2 = 500° C. (1) or 700° C. (2), and Ct = e^ = e" = 
75 per cent. : e' =:: 80 per cent., 0^ being here taken at the mean 
between 773 and 973° A. We have then for condition B 1 — 

r; = 51 per cent. 
E = 29 per cent. 

And, for condition B 2 — 

rj = 52'6 per cent. 
E = 30 per cent. 

CASE III.— THE MIXED-FLUID CONSTANT-PRESSURE 

GAS TURBINE. 

(A) Sub-atmospheric Steam-and-Gas Turbine. 

With this form of gas turbine, as with the single-fluid, 
constant-pressure type, the value of R, 02 having been fixed, 
is determined by the value of u, the peripheral speed of the 
turbine wheel. In this instance, however, as has been pointed 
out in the preceding chapter, it is not possible to determine 
R directly from the equation for work done, as the equation 
in question involves dependent variables, such as y, the 
weight of steam added, and the factors in the Rankine formula 
for the steam expansion. Arbitrary values for R have to be 
fixed from which the value of u for that particular case can 

G.T. o 
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be obtained. If this value is above the value required for the 
limiting conditions considered, another value for R must be 
chosen which will give a value for u below the limiting one. 

We thus have two values for the overall efficiency, one, Ei, 
corresponding to peripheral speed limit {u + x), and another, 
E2, corresponding to a peripheral speed limit {u — y), where 
X and y are small compared to u. Assuming that the change 
in E over the range {u — y) to {u + x) to be represented by 
a linear equation, it is easy to obtain a value for E when 
peripheral velocity is u, by means of a straight line graph. 
This gives a close approximation to the absolute value of E 
corresponding to u. 

Limiting conditions : A 1. By common practice, non-water- 
cooled — 

T2 = 400° C. : Ci = e^ = 70 per cent. : u = 800 ft./sec. 

Let the value of R be taken at 10 ; the turbine being assumed 
to operate between the pressures of 15 lbs. and 1*5 lbs. abs. 

Now we have that the initial temperature of the steam, ^1', 
is given by the equation — 

01 = (92 . R where 7 = 1-3. 
Therefore — 

^1' = 1,150° A. 

Similarly, for the products of combustion — 

(9i = (92 . R where y = 1-38. 
Therefore 

(9i = 1,270° A. 

The work done by 1 lb. of the products of combustion — 

W, = C, (^1 - ^2). 
= 150 T.tJ. 

The work done by 1 lb. of the steam, by the Rankine 

formula — 

W, = (ri - r,) (^1 + ^^ + C,,, (r, - t,) - ra (log. ^ + C^ 



log. ^^') . 



The maximum quantity of steam added to the products of 
combustion is found by the usual formula (vide Chapter III.)— 

2/.m = H - C, (^1 - 0o) + (h - t2) {C,a + y .Cp.). 
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This gives a value for y of -444 lb. We have, then, the work 
done by the steam added to the products of combustion, equals 

W, . 2/ = 128 T.U. 



W, = 150 



jj 



Therefore W^otai = 278 „ 

The negative work — 

w = 18-7 loge 10 
= 43 T.U. 

The heat put in — 
H = 550 T.U. 

(the heat value for 
1 lb. of products of 
combustion) . There- 
fore — 

r;=:(W-'w;)/H = 42-8 
per cent. 

And overall efficien- 
cy— 

■7 W — w/'7 
H 

= 24*4 per cent. 

Now the work done 
here per lb. of working 
fluid is — 

278/1-444 T.U. 

or 193 T.U. This value gives a value of 4,180 U./sea. for the 
velocity of the gases on the" turbine wheel, and, if the factor of 
reduction be taken at 5, a value for the peripheral velocity, u, 
of 836 feet per second. 

It is thus seen that the value chosen of R was too high for 
the peripheral speed of 800 ft./sec. Let the same case be 
worked out for a value of R of 7-5, that is, ^2 = 2 lbs. This 
gives values — 

7/ = 38-7 per cent. 
E = 22 per cent. 

And a value oi v = 3,880 ft./sec; therefore, u = 776 ft./sec. 

o 2 
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Fig. 84. — Speed-Eflaciency Graph for 
Mixed-Fluid Turbine. 
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In Fig. 84 a straight line graph is plotted for E and u from 

these two cases, giving a value, when u equals 800 feet per 

second, of — 

E = 23 per cent. 

Similarly, for conditions as above, but with T2 equal to 
500^ C. instead of 400° C— 

E = 245 per cent. 

For case B I (special conditions, non-water-cooled) T2 = 
500"^ C. : t^ = 900 ft. /sec, e^ = e^ = 75 per cent. — 

r; = 49 per cent. 
E = 32-3 per cent. 

And for case B 2 (special conditions, water-cooled) T2 = 

700° C. : t^ = 900 ft./sec, 6^ = 6^ = 75 per cent. — 

E = 31*5 per cent. 

(B) Derived Type : Mixed-fluid, Sub-atmospheric ; Separate 
Steam Expansion on High-pressure Wheel. 

In this case T2 is taken at 500° C. (water-cooled or otherwise) 
u at 900 ft./sec, and 6^ = e^, = 70 per cent. (1) ; e^ = c^ = 75 
per cent. (2). 

The thermal efficiency for this cycle is — 

7] = 56*6 per cent, {vide p. 93). 
This gives values for overall efficiency — 

(A) E = 34 per cent. 

(B) E = 38 per cent. 

We are now able to make a precis of the results so far obtained 
on a comparative basis as follows : — 

(A) Single-fluid Turbines. 



I. Constant-pressure : 


Values of " E " (pee 

CENT.). 

(Combustion chamber heat 
losses neglected.) 

Non- water-cooled. Water-cooled 


By common practice 


. 240 


270 


By special conditions 


. 37-3 


41-2 


11. Constant- volume : 






By common practice 


. 21-6 


22-1 


By special conditions 


. 29-0 


300 
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(B) MlXED-FLTHD TURBINES. 

I. Sub -atmospheric, steam-and-gas 

turbine : Non-water-cooled. Water-cooled. 

By common practice . . 23-0 . . 24-5 

By special conditions . . 32-3 . . 36-2 

II. Mixed-fluid, sub -atmospheric ; 
steam wheel, super-atmos- 
pheric : 

By common practice . . 34*0 

By special conditions . . 38*0 

On this basis of comparison, then, the following is deduced : 
Under conditions of limitation, as at present exemplified in 
common practice, the derived type of constant-pressure, mixed- 
fluid turbine, with a separate high-pressure steam wheel, gives 
the highest promise of overall efficiency ; that even on the basis 
of '' special conditions " this type still heads the list with an 
overall efficiency of 38 per cent. ; for it must be borne in mind 
that this value is calculated for those limitations which, in the 
constant-pressure, single-fluid gas turbine, give an overall 
efficiency of 37-3 per cent. It may be noticed that the 
superiority is more marked under conditions of common practice 
than under special conditions. 

Next to this type comes the constant-pressure, single-fluid 
gas turbine, with efficiencies varying from 24 per cent, to 
41-2 per cent. The mixed-fluid, steam-and-gas turbine comes 
next, giving values of E from 23 per cent, to 36-2 per cent. ; 
and, lastly, the explosion turbine, with efficiencies from 
21-6 per cent, to 30 per cent.' 

One important factor in the fuel economy, however, has 
not yet been taken into account, namely, the heat losses 
from the combustion chamber. Let the combustion chamber 
efficiency be taken into account upon the same dual basis as 
that upon which the above values of overall efficiency have 
been based. It must be remembered that for different types 
of turbines the value of the heat loss varies {vide supra, 
p. 188). Let the combustion chamber efficiencies be taken as 
follows : — 
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(A) For single-fluid gas turbines (either constant-pressure or 
constant-volume) combustion chamber efficiency, c^., equals — 

(1) By common practice, 70 per cent. 

(2) By special conditions, 85 per cent. 

(B) For mixed-fluid turbines combustion chamber efficiency 
equals — 

(1) By common practice, 90 per cent. 

(2) By special conditions, 95 per cent. 

We can then obtain the values of the total overall efficiency, 
i.e., actual brake horse-power over total heat entering system 
per given unit of time, all losses between entrance of fuel to 
turbine and useful work on turbine shaft being taken into 
account. 

(A) Single-fluid Turbines. 

Values op '-Ex" 
(pee cent.). 
Heat loses from combustion 
chamber included. 



I. Constant-pressure : 


Non-water-cooled. 


Water-coo 


By common practice 


. 16-8 


18-9 


By special conditions . 


. 31-7 


350 


II. Const ant- volume : 






By common practice 


. 15-1 


15-5 


By special conditions 


. 24-6 


25-5 



(B) Mixed-fluid Turbines. 

I. Sub -atmospheric, without separ- 
ate steam wheel : Non-water-cooled. 

By common practice . . 20*7 

By special conditions . .30*7 

II. With partial super-atmospheric 

expansion on separate steam 

wheel : 
By common practice . . 30*6 

By special conditions . . 36*1 



Water-cooled. 
22- 1 
34-5 



This shows the comparative values of the various types of 
gas turbines treated of. The mixed-fluid turbine with high- 
pressure steam expansion on a separate wheel still gives the 
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best final efficiency (30-6 to 36' 1 per cent.) ; the sub -atmospheric 
mixed-fiuid turbine comes next, easily outdistancing the 
single-fluid, constant-pressure turbine on the basis of common 
practice, while but barely reaching it on the grounds of " special 
conditions " (20-7 to 34*5 per cent.) {vide efficiency curves, 




Fig. 85. — Graphic Kepresentation of Overall Efl&ciencies of various 

Types of Gas Turbines. 

Fig. 34). The single-fluid, constant-pressure turbine comes 
next (16-8 to 35 per cent.) ; and the single-fluid, constant- 
volume turbine comes last with final efficiencies of from 15-1 to 
25-5 per cent. 

The result of this analysis is shown graphically in Fig. 85. 
The values for the overall final efficiencies read on the vertical ; 
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the values for E^ for common practice read along the left-hand 
line ; those for special conditions along the right-hand line. 
Each type shows double transverse lines for the two cases of non- 
water-cooled blades and water-cooled blades, with the excep- 
tion of the line for the mixed-fluid turbine with high-pressure 
steam wheel, for which only one value of Tg was taken. 

FUEL CONSUMPTION. 

There are two cases to consider in this connection : one 
when the fuel is oil, the other when it is producer gas from coal. 

(A) Fuel Consumption with Oil as Fuel. 

Let the calorific value of the oil be 10,000 T.U. per lb. The 
values of oil consumption in terms of lbs. of oil per brake horse- 
power per hour are as follows : — 

(A) SiNGLE-FLTJID TURBINES. 

Lbs. op Oils. 
By common By special 





practice. 


conditions. 


I. 


Constant-pressure : 1 . . 0-842 


0-446 




2 . . 0-748 


0-404 


II. 


Constant-volume : 1 . . 0-937 


0-575 




2 . . 0-914 


0-555 




(B) Mixed-fluid Turbines. 




I. 


. By common 

hub -atmospheric, no high-pres- practice. 


By special 
conditions. 




sure steam wheel : 1 . . 0-683 


0-461 




2 . . 0-640 .. 


0-410 


IT. 


Sub-atmospheric, with high-pres- 






sure wheel : ... 0-462 


0-392 



(B) Fuel Consumption in Coal used per B.H.P., with Producer 
Gas as Combustible. 

From the results of trials by Mr. H. A. Humphreys on the 
producer plant of Messrs. Brunner, Mond & Co., at Wilmington, 
an efficiency ^v as obtainod of 84 per cent. (Robinson's " Gas 
Engine," p. 582). This may be taken in the category, B, of 
'' spt^cial conditions." On the basis of common practice the 
producer (jfficiiMicy is taken at 75 per cent. The gases, however. 
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in the case instanced above left the producer at a temperature 
of 450° C. This represents an approximate heat loss of 4-5 per 
cent. In the case of the mixed-fluid, sub -atmospheric steam- 
and-gas turbine it is possible to conduct these gases straight to 
the furnace without any initial cooling, as here there is no 
initial compression to be done. How far such a scheme is 
practicable is very doubtful {vide p. 153) ; but, in dealing with 
probabilities, it is another point in favour of the mixed-fluid 
turbine, sub-atmospheric type. The increased value of the 
producer efficiency to 88-5 per cent, mil not be considered in the 
following analysis of fuel consumption to be on the same basis 
of probability as the 84 per cent. " special condition " value, 
and this latter figure will be retained throughout. Figures for 
fuel consumption, however, at the 88-5 per cent, value, will be 
placed in brackets alongside the 84 per cent, values for the 
mixed-fluid types of turbine. The calorific value of the coal 
has been taken at 7,000 T.U. per lb. — for good Nottinghamshire 
slack. We have, therefore, the weight of coal consumed per 
brake horse-power per hour — 

•202 



m = 



E..K' 



where K is the efficiency of the producer. 

The following table gives the fuel consumption in lbs. of coal 
per brake horse-power per hour for various types of turbines : — 

(A) Single-fluid Turbines. 





Lbs. of 


Coal. 




By common 


By special 




practice. 


conditions. 


I. 


Constant -pressure : 1 . . 1'600 


0-761 




2 . . 1-420 


0-687 


II. 


Constant -volume : 1 . . 1*785 


0-977 




2 . . 1-740 


0-943 




(B) Mixed -FLUID Turbines. 




I. 


By common 

Sub -atmospheric, no high- practice. 


By special 
conditions. 




pressure steam wheel : 1 . 1-305 


0-783 (0-743) 




2 . 1-220 .. 


0-696 (0661) 


II. 


Sub -atmospheric, with high- 






pressure steam wheel : . 0-877 


0665 (0-632) 
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ACTUAL COST BY FUEL CONSUMPTION, IN PENCE PER 
BRAKE HORSE-POWER PER HOUR. 

The oil used for the Dievsel engine may be taken at a cost of 

505. per ton delivered in England. The cost of the coal — 

Nottinghamshire slack, of 7,000 T.U. per lb., delivered within 

a reasonable distance of the coal fields, i.e., in the north of 

England generally — may be taken at 10^. per ton. This 

affords the usual cost ratio of oil to coal fuel of 6 to 1. This 

gives the cost of oil per lb. at 0-268rf., and cost of coal per lb. 

at 0*0536^7. The costs for oil and coal fuel, in pence per brake 

horse-power per hour, are given in the following columns. The 

symbols, A 1, A 2, B 1, B 2, refer to the conditions detailed on 

pp. 187, 188, etseq. 

Pence per Bbakr Horse- 
power PER Hour. 







Oil Fuel. 


Coal Fuel. 


Single-fluid, const ant -pressure : 


d. 


d. 


A 1 


• • • 


0-226 


0-086 


2 


• • • 


0-220 


0-076 


B 1 


• • • 


0120 


0041 


2 


• • • 


0108 


. 0-037 


Single-fluid, constant-volume : 






A 1 


• • • 


0251 


0096 


2 


« • • 


0245 


. 0-094 


B 1 


• • • 


0154 


. 0-053 


2 


• • • 


0149 


. 0-051 


Mixed-fluid, sub -atmospheric : 






A 1 


• • i 


0183 


0070 


2 


• • a 


0171 


, . 0-066 


B 1 


• • I 


0122 


0042 (0-040) 


2 


• • 4 


0110 


. . 0-038 (0-036) 


Mixed-fluid, with 


high-pressure 






steam wheel : 








A 


• • 


0-124 


. . 0-047 


B 


• • 


. 0-105 


. . 0-036 (0-034) 



We are now in a position to compare the gas turbine with 
other prime movers on an economic basis. The fuel con- 
sumption of other prime movers can be correlated with the 
tables for the gas turbine given above in the following way : 
'' A " refers to average economies in common practice ; " B " 
to the best '' test " results so far obtained. Thus we have — 
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heated, and passes through the mouth of the tube into the tube itself ; 
from this it is expelled through the small bent tubes and pressing up 
against the hoUowness of the altar, turns th« tube and the live figures 
which lead the chorus." 

The general construction of this machine is shown in Fig. 87, 
taken from Thevenot's *' Veterum Mathematicorum " edition 
of the Spiritalia. It will be seen that the apparatus works, not 




Fig. 87. — Hero's Gas Turbine (from Thevenot's " Veteium 

Mathematicorum"). 

by the expulsion of air from the extremities of the bent tubes 
as in the Barker's mill, but by the indrawing of the air through 
these tubes brought about by the rarefaction of the air in that 
part of the large tube which is heated by the fire. It would 
seem that either Hero mistook the theory upon which his 
machine worked or, what is more likely, that the seventeenth 
century Latin translators misconstrued the original Greek 
codices. The diction used is spoken of in the preface as 
'' Pneumatici discriptiones quae omnibus Interpretibus adea 
difficilis visae sunt." 

The machine, in fact, is an impulse, and not a reaction 
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turbine ; it is precisely similar in operation to that which 
became known later as the " smoke jack." 

The next step in the evolution of the heat engine was the 
invention, by Giovanni Branca, of the steam impulse wheel, 
at the beginning of the seventeenth century, (essentially) the 
forerunner of the De Laval turbine. It seems, however, that 
the gas turbine even preceded this, for the same mechanism 
was described, before this period, " by Cardan as moved by 
the ' vapour from fire.' " ^ The next notice of the theory 
of applying the expansive force of air directly to produce rotary 
motion was Amonton's *' fire wheel," in 1699. This ingenious 
machine, however, can hardly be regarded as a " gas turbine " 
proper, it being in reality a " gravity wheel " in which water 
was displaced along the wheel by the expansive force of 
heated air. 

The first notice of a gas turbine bearing the essential features 
of such machines to-day came nearly 100 years later, when 
John Barber, " of Attleborough, in the parish of Nuneaton, in 
the county of Warick, Gentleman," obtained a patent for the 
first gas engine, or, to be more accurate, for the first gas 
turbine. It is a matter of some significance to note that the 
first steam engine known, namely. Hero's steam reaction wheel, 
was, in eflfect, a steam turbine ; and the first gas engine, 
namely, that of John Barber, was a gas turbine. Between the 
date of Branca's impulse wheel at the beginning of the seven- 
teenth century and the filing of Parson's first patent in 1884, 
over 260 years had elapsed. During that period the evolution 
of the steam engine proceeded along other lines. But the 
evolved product for the use of steam as a motive fluid is 
precisely the same in its initial shape, viz., the steam turbine. 

Between the first gas engine, or rather gas turbine^ of John 
Barber, in 1791, and the explosion gas turbine of Holzwarth, 
in 1911, 120 years have elapsed. During that time the gas 
engine has been evolved along other lines. To-day it seems as 
if a return were about to be made to the initial type ; and the 
final evolved product of the use of gas as a motive fluid may 
revert to the early type, as set forth by Barber, by Dumbell, 
by Bresson and others. 

It is interesting to note that Barber's gas turbine contained 
1 •* History of the Steam Engine," Stuart, 1824, p. 6. 
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all the essential features of the gas turbine of to-day. There 
was the compressor for compressing the gas, and a similar one 
for compressing the air ; an exploder, in which the gas and air 
was introduced and exploded. Moreover, water was intro- 
duced into the combustion chamber, '' to prevent the inward 
pipes and the mouth of the exploder for^ melting by the 
velocity and intenseness of the issuing flame." This specifica- 
tion of Barber's is so significant in the light of modern gas 
turbine practice that it will well bear quotation in full, as 
follows : — 

" Now Know Ye, that I, the said John Barber, in compliance with 
the said proviso, do hereby describe the nature of the aforesaid Inven- 
tion, and declare that the same is to be performed in manner following, 
that is to say : — 

" 'It consists of a metallic vessel called a retort, so contrived that 

(when heated by a circumambient fire), coal, wood, oil, or any other 

combustible matter may be put therein, and the smoke or vapour 

therein collected may be brought out by a small pipe, and conveyed in 

a regular stream into another metallic vessel called an exploder, by 

means of an air pump and a compresser regulating bellows, which 

pipe opposing its orifice to another similar pipe which enters the exploder 

(on the opposite side from the pipe which brings in the inflammable 

vapour from the retort) and injects by similar means a proper quantity 

of atmospheric or common air, causing an admixture of the two airs, 

which, so mixed, will take fire on application of a match or candle to 

the mouth of the exploder, and rush out with great rapidity in one 

continued stream of fire, so long as the exploder is suppUed with proper 

quantities of the respective airs. The fluid stream is also considerably 

augmented both in quantity and velocity by water injected into the 

exploder by means of another small pipe entering therein, which water 

is also intended to prevent the inward pipes and the mouth of the 

exploder for^ melting by the velocity and intenseness of the issuing 

flame. This water, as well as the airs, are forced into the exploder by 

means of a pump, which in heu of common crank carries upon the axis 

of one of its wheels two esses or double portions of circles, whereby a 

more regular motion is procured than can be done by any crank work. 

This engine is wrought by the steam issuing from the mouth of the 

exploder, and may be applied to grinding, rolling, forging, spinning, 

and every other mechanical operation ; and the fluid stream may be 

injected into furnaces for smelting metallic ores, or passed out at the 

stern of any ship, boat, barge, or other vessel, so as by an opposing and 

impelling power directed against the water carrying such vessel, the 

vessel with its contents may be driven in any direction whatsoever.' 

" In witness whereof, I, the said John Barber, have hereunto set 

1 I.e., '*from" : '*for" is the correct reading of the 1791 text. 
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Tig. 88. — Barber's Gas Turbine. (From Barber's Specification, 
No. 1,833, A.i>. 1791.) 
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A Specification of an Engine for using Inflammable Air 
FOR THE Purpose of procuring Motion and facilitating 
Metallurgical Operations, and which may be applied to 

THE grinding OF CORN, FLINT, MANGANESE OR OTHER MATTER, 
ALSO TO ROLLING, SLITTING, FORGING AND BATTERING IrON AND 

OTHER Metals, turning of Mills for spinning and Engines 
FOR turning up Coals, Minerals from Mines of all sorts, 
stamping of Ores, raising Water, and ant other Motion 
that mat be required. 

FiGTTRE 1. Is a Retort with its Neck (A) and a Stop Cock (A). I make use of 
two of these Retorts in order to keep the Engine working with one of them whilst 
the other is cleansed of the Coaks and Ashes of the Materials used for procuring 
Inflammable Air. 

Figure 2. Is a Receiver wherein the Air from either of the Retorts is collected 
and cooled by means of a Circurmumbrient Cistern of water B B, and carried by a 
amall pipe into the Pump for supplying the Engine witH Inflammable Air. 

Figures 3, 3a, Are the Air pumps which by means of an Admission Valve 
through which the respective Aii's are to be drawn into the Cistern of the Inward 
Pipe C C (left open at the bottom), and another Valve where the Airs are to pass 
out of the Cistern into the Compressors^ does upon the alternate raising and falling 
of the outward pipes D D (filled with water) convey the Airs into their respective 
Compressors by being successively raised and fallen by means of two Beams 5, 5. 

Figures 4, 4, 4. Are Compressors which being filled in theii lower parts with 
water and the respective Airs forced into them by means of their adjoining Pumps, 
do, according to the altitude of the Pipes rising up to their Cistern, compress the 
Air and force it into the Exploders with a power proportioned to such altitude. 
In some cases I chose to use forcing Pumps and Bellows for performing this 
Operation. 

Figures 5, 5. Two Beams wrought by two Esses or portions of Circles fixed 
on one of the Axis' s of the Engine Wheel. 

Figures 6, 6, 6. ^ Three Stop Cocks to regulate the Admission of Inflammable 
Air, Common Air and Water, into the Exploder. 

Figure 7. The Exploder with a Pipe (E) which introduces Inflammable Air, 
a Pipe (F) which introduces Common Air and a Pipe (G) which introduces Water 
into this Vessel, at whose Mouth or outlet (H) (upon the approach of Flame) the 
combined Streams of Airs and Water do issue out with amazing force and velocity 
against 

Figure 8. The Fly Wheel on whose Axis a Pinion being placed turns a toothed 
Wheel of proper dimensions and on the same Axis are affixed 

Figures 9, 9. Two Metallic Esses or Portions of Circles set at right Angles 
from each other so as by rotation of the Axis whereon they be fastened they bear 
upon the Wheel (I I )i in the Plug frame (K K )^ suspended to the Beams 5 5, and 
thereby work those Beams two strokes each in every rotation. 

Figure 10. Is the second Wheel in the Engine wrought by the Pinion upon 
the Fly Wheel, and upon whose Axis is fixed another Pinion which working upon 
another toothed Wheel of any proper diameter, may upon the Axis thereof carry 
either Cogs or Esses for lifting Hammers, Barrels for Ropes to \\Tap upon Cog 
Wheels for communicating Motion to Grinding or Spinning Machinery, or rolling, 
slitting and pressing Metals or other substances, and also for any kind of Motion 
whatsoever. 

Any sort of Engines and Machines worked uT)on these principles may be erected 
at moderate expense, \vrought with very little fuel, and managed with little 
Trouble in comparison with any other Machines hitherto invented. 

1 These references do not occur in the illustration ; the above notes are a word 
for word reprint from the original specification. It has been thought best to 
reproduce the text and illustrations of the 1791 patent, without alteration. 

G.T. P 
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my liuiid uikI xi-al, tliiu 'rw<-iily-oi|;titIi day of XoTember, iu 
tht' year of our l,oril One tlinueand seven hundred and ninety- 
one, aii<l in tlio Thirty -second year of the reign of our Sovereign 
ImtA Ueorge tlie Tliird, by the Craco of God of Great Britain, 
rranrt", and Ireland King, Defender of the Faith, and eo 
forth. 

" Jo". (L.8.) Barbek." 

In Fig. 88 U sJiown n facsimile of the drawing accompanying 
Barber's »pecification ; the notes 
facing it are those attached to 
Barber's drawing. The last note, 
it may be observed, is of abnost 
too Elysian a nature even for the 
most enthusiastic of inventors 
to-day. 

After Barber's patent in 1791 
there was no further advance made 
in respect to the gas turbine until 
the year 1808 when John Dum- 
bell, " of Mersey Mills , in the 
Parish of Warrington, and the 
County Palatine of Lancaster, 
Miller," obtained a patent entitled, 
" Obtaining and Applying Motive 
ti^^^^^^^^'M ' Power, the Construction of Car- 
|f ii!j^=^^^ -^ riages, etc." The specification 
possesses eighteen separate figures, 
together with fifteen pages of text, 
and the title certainly has suffi- 
cient latitude for such. But the 
only figure with which we are 
here concerned is that marked 
" Fig. A " in the specification and 
reproduced here (Fig. 89), 

The machine is described in 
i follows : — 




sGas 



Turbine, 
the inventor's own words 



" 1st, Figure A is a wection of one kind of apparatuB. No. 1 is a 
vessel open at top, and cylindrical from No. 2 to No. 3 (the shape of 
its other parts, ad libitiim), in which ie the mterior cylinder, No. 4, 
closed, or pai-tially closed, both at top and bottom ; the outer side or 
circumference of thia interior cylinder has any required nutnher of 
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flyers (made of metal when so required, and either spirally or horizon- 
tally) affixed to it according to its length. In the Figure A eleven of 
these flyers are attached, which are made to resemble the sails of a 
windmill or the flyers of a smoke jack ; and where more than one is 
used they are placed stratum super stratum (in some cases cones or 
vessels of other shapes may be used) ; this interior cylinder No. 4 turns 
round by means of the spindle No. 5, and on the step No. 6, which step 
is supported from the sides of the cylinder or otherwise, and is from 
time to time kept cool by means of a supply of grease, &c., introduced 
through a tube resembling a gun barrel No. 7. The interior cylinder 
No. 4 may be used as an empty cylinder, or may be filled full, or partially 
full, of water or other fluid, body, or thing, through an orifice at the 
top, as at the funnel No. 8, in which latter cases the weight of such 
fluid or thing may act as a fly or regulator ; and such water might 
counteract colliquef action, or any injurious effect of the fire beneath. 
No. 9 is the manhole, made to open as a door, and fitted up with hinges 
and latches ; or it may be fastened down as is usual in a steam engine 
boiler, and used for similar purposes as at a steam engine, as well as 
for occasionally charging, discharging, supplying, and cleaning the 
receptacle. No. 10 is the fire-feeding hole on the manhole lid, with 
hinges and latches, or otherwise, as above mentioned. No. 11 is the 
bellows hole, at which place a tewel for a bellows pipe, air pump, or 
conductor may be affixed, and through which may be sent in, by com- 
pression or otherwise, suitable air for ignition, or inflammable gas, or 
such other ingredient or body as may be most fit to fan a flame or to 
encourage flammability ; the use of bellows for this purpose may be 
perhaps best understood by those who have witnessed the effect of a 
watchmaker's blowpipe ; and until the fire is sufficiently ignited to 
work the bellows by the action and power of the machinery, one or 
more of them (which may be of a cylindrical form or otherwise) may be 
worked by manual labour during such insufficiency. 

• •••••• 

" No. 13 is the fireplace. No. 14 is the bottom part of the cylinder 
surrounding the fireplace and the other apparatus ; between the grate 
and the cylinder is a receptacle for air, cinders, &c. marked JS^, \8)» i85, S^. 
No. 15 is an outside cylinder or water pipe, thro' which pipes are to 
pass to admit the air at No. 12, in order that the space between Nos. 14 
and 15 may be filled, when required, with water or some other inter- 
vening body. No. 16 is a pan or boiler, receiving its heat from the 
fire in the grate No. 13. No. 17 is an interior pan or boiler (No. 18 
forming a kind of balneum for No. 17) ; the space No. 18 between the 
two pans being filled with sand, water, or other matter as a retainer 
and conveyor of heat, and also to counteract the colliquef action of the 
said pans." 

DumbeJl asserts later in his specification that he " would 
^pply whatever produces steam; smoke, rarified air, or spirit, 

p 2 
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or which produces an inflammable vapour, either in a combined 
or single state, or which may be drawn by distillation, or which 
possesses an explosive or combustible power or eflEect." 

This practically means that Dumbell's machine — ^which, it 
appears, he proposed to use for locomotion — ^was neither more 
nor less than the prototype of the " explosion " gas turbine ; 
while Barber's machine, may more properly be considered as 
the forerunner of the constant -pressure gas turbines. 

It is interesting to note that Dumbell figures in his specifica- 
tion a '' compound " wheel, whereas Barber uses a single- 
impulse wheel ; the absence of any guide blading, however, 
in the former case shows that no grasp of the principle of the 
compound turbine had yet been achieved. 

On April 20th in the first year of the reign of Queen Victoria, 
a certain M. Bresson patented in Paris a machine for " heating 
and compressing air." The air was compressed and delivered 
into a suitably constructed furnace by means of a centrifugal 
fan where it became mixed with the gaseous fuel, and the 
products of combustion obtained, reduced to a temperature of 
650° C. by excess of air, were '* then employed in the form of 
a jet, to work a wheel like a water-wheel." This is a patent 
of considerable interest, for it is in every essential feature the 
same as the Armengaud-Lemale turbine of some sixty years 
later. What, however, is the most significant fact in the 
matter is the mention of the temperature, 650° C. (1,200° F.), 
at which the hot gases are to be admitted on to the turbine 
wheel ; the mention of the ''compressing fan " or rotary 
compressor is also significant. The author feels it necessary to 
put forward the above information with some reserve. The notice 
of Bresson's invention is taken from a most unrehable source, 
namely Bourne's *' Steam, Air and Gas Engines," London, 
1878. To find any particular specification among the files of 
the French patents in the English Patent Office is rendered 
extremely difficult owing to the absence of an adequate index. 

In 1856 appeared Fernihough's '' combined steam and smoke 
engine " (No. 13,281), an illustration of which is given in 
Fig. 90. The necessary pressure required in the furnace was 
to be brought about by the injection of water. This is rather 
in the nature of a retrogade step from the more advanced 
schemes of Barber and Bresson. 
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In 1846 Biirdin proposed a similar scheme to that of Bresson 
nine years earlier, with the addition of the particular mention 
of a multiple rotary compressor in connection with a multiple 
turbine. 

So far the types of gas turbines noticed have been the 
prototypes of the three main classes of gas turbines ; the 
single-fluid, constant-pressure, the mixed-fluid constant-pres- 
sure, and the explosion gas turbine. In the same year in 
which Fernihough patented his " steam-and-smoke engine," 
A. V. Newton took out a patent (No. 1672) for " Obtaining 




Feraihough's Steam and Smoke Engine. 



Rotary Motion." Since the appearance of the Humphrey 
pump there have been numerous proposals in the air to work 
a " gas " turbine in the form of a water turbine, rotated by 
columns of water, which are kept in a state of oscillation by 
the explosion of gas upon the surface of the water. It is 
interesting to note that even this latest evolution of the gas 
turbine was suggested and patented fifty-seven years ago. 

Newton concludes his specifications with the following 
words ; — 

"I ^sh it to be uuderBtood that. ... I claim the method, sub- 
stantiatly as described, of imparting rotary motion to a wheel, or wheels. 
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PiQ. 91. — Ne.Tfton'a Gas and Water Turbino, 



nectcd together, to cause the said water by such alternate action to 
paiis through and impel the wheel or wheels, as set forth." 

The machine is shown in Fig. 91. It explains itself. 

The inventor primarily intended, of course, that his machine 
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should work with steam ; indeed, he speaks of it in one place 
as an *' hydro-steam engine." But the phrase *' or other 
equivalent expanded gas " (the itahcs above are my own) 
presupposes the Humphrey pump gas turbine notion, though, 
it must be admitted, rather by implication than assertion ; 
rather by the desire to be comprehensive than from the wish to 
particularise. 

Boulton, in 1864 and 1865, took out patents for the produc- 
tion of a working fluid under pressure, suitable for use in a gas 
turbine, and from this date various schemes — all more or less 
impracticable — for the use of the expansive power of gas upon 
turbine wheels, became fairly numerous. In 1872, however, 
a certain Dr. Stolze, of Charlottenburg, near Berlin, took out 
a patent for a *' fire turbine." This machine was simply an 
externally-fired single-fluid, constant-pressure gas turbine. 
Such a type would be unworkable, even with the improved 
machinery at command to-day. It seems, however, that an 
actual machine of the kind was constructed. 

The next patent of any importance is that of Charles Lemale 
in 1901. This brings us to the famous '' pioneer " experiments 
of Armengaud and Lemale, which are discussed in the next 
chapter. Even the foregoing brief and incomplete survey of 
the history of the gas turbine shows one thing very clearly, 
that is, the practically negligible advance that has been made 
on the theoretical side of the question. The theory of the gas 
turbine was as fully grasped by Barber at the end of the 
eighteenth century, and by Bresson in the beginning of the 
nineteenth century, as it is by experts to-day. The success of 
the gas turbine as a heat engine rests solely upon practical 
limitations. Let a turbine and pump be so constructed as to 
give 75 per cent, thermodynamic efficiency ; let a wheel be 
made that will run at a permanent peripheral velocity of 
900 ft. /sec. and withstand a continued temperature of 500° C. ; 
let the machine and furnace be so efficiently water- jacketed as 
to reduce heat losses to 5 per cent., and we can produce a gas 
turbine to-day — as Barber could have done, under the same 
circumstances, in 1791 — which will give an overall efficiency 
higher than any other known prime mover. 



CHAPTER XI. THE PROGRESS IN 
EXPERIMENTAL WORK. 

Only two — or, to be strictly accurate, only three — gas 
turbines have been actually built, made to operate successfully, 
and submitted to tests as to fuel consumption. These three 
experimental turbines are those of Armengaud and Lemale, of 
Karavodine, and of Holzwarth. The experiments of Armen- 
gaud and Lemale were made during the years 1903 to 1906 
upon a 300 B.H.P. single-fluid, constant-pressure turbine, with 
steam injection ; those of Karavodine during 1908, upon an 
open-chamber explosion turbine giving 1*6 B.H.P. ; and those 
of Holzwarth during the years 1908 to 1911, upon a closed- 
chamber, constant-volume turbine of 1,000 nominal horse- 
power. The first and last of these three experiments are the 
only ones of real importance ; the Karavodine turbine, however 
will be briefly noticed in passing. 

THE EXPERIMENTAL WORK OF ARMENGAUD AND 

LEMALE. 

It is not a Httle difficult upon the evidence now to hand to 
decide whether this turbine should be classed as a single-fluid 
gas turbine in which a certain, but not a maximum^ quantity of 
steam has been introduced for cooling purposes, or whether the 
turbine should be regarded as a steam-and-air turbine proper, 
in which all the available temperature reduction is effected by 
steam, the combustion mixture being of the richest possible 
composition. It would seem from the construction of the 
machine, and particularly that of the combustion chamber, 
that the former, rather than the latter, was the true nature of 
the turbine. The cvcle was as follows :— - 

A Rateau rotary compressor, an illustration of which is 
shown in Fig. 79, compressed air from the atmospheric pressure 
to a pressure of 112 lbs. per square inch absolute, that .is to 
say, a compression ratio of 7-6. The air was then introduced 
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into a combustion chamber into which liquid fuel was injected. 
Part of the combustion chamber was water- jacketed, and steam 
raised from this jacket was admitted into the second half of 
the combustion chamber for the purpose of lowering the tem- 
perature of the workmg fluid upon the turbine blades. 
Adiabatic expansion was effected through an expanding 
nozzle — also water- jacketed — and the energy of the effluent 
gases absorbed upon a double wheel of the Curtis type. Armen- 
gaud mentions a system of regeneration by the raising of low- 
pressure steam, but it is not clear whether such a system was 
adopted in the experimental turbine actually built and tested 
in the shops of the Societe des Turbomoteurs at Paris. 

Before considering the construction of the machine, it may 
not be uninteresting to calculate the fuel consumption theoreti- 
cally from the data of the practical limits within which the 
turbine in question operated. 

The initial pressure, as before stated, was 112 lbs. abs., the 
expansion ratio being 7-6 ; the final temperature on the blades 
after expansion was 400° C. Disregarding the addition of the 
steam this makes the initial temperature of the working fluid — 

^1 = ^2 . R"~y 
= 673. 7-6-275 

= 1180°A. 

Therefore the work done — 

w = c,(^i - e^) 

= 127 T.U. 
The negative work done by the pump — 

W = 18-7 loge 7-6 
= 37-2 T.U. 

Heat put in — 

H = C^(l9i-^o) = 218T.U. 

Therefore, thermal efficiency — 

W — w 
7] = — TT — = 41*2 per cent. 

The Rateau pump used gave a thermodynamic efficiency of 
05 per cent. 

Let it be assumed that the turbine gave a thermodynamic 
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efficiency of 70 per cent. Then, overall efficiency, assuming no 
heat losses from furnace — 

E = (89 — 57)/218 = 146 per cent. 

From the diagram giving the efficiency curve's for the single- 
fluid and mixed-fluid turbines (vide Fig. 34, p. 74) it may be 
seen that the addition to the air of the maximum quantity of 
steam for this temperature increases the efficiency something 
like 1*6 times. In the Armengaud turbine, however, the com- 
bustion chamber was not wholly water-jacketed, so that there 
must have been some considerable loss of heat from the com- 
bustion chamber ; nor was the steam which was added to the 
products of combustion used in the most efficient manner. 
We may, therefore, approximate matters by the following 
compromise of taking the heat losses from the combustion 
chamber to be 20 per cent., and the increase in efficiency due 
to the addition of steam to be 1*3. This gives an overall 
efficiency from fuel entry to turbine shaft of 15*1 per cent. ; 
or a fuel consumption of 0*937 lb. of oil per brake horse-power 
per hour. This is approximately the best which, under the 
conditions prevailing, could have been achieved ; the actual 
result was not so good. 

The probable efficiency is herein worked out, because the 
actual results of tests are difficult of access. In an article in 
Gassier' s Magazine, April, 1908, by M. Barbezat, it was stated 
that " these tests are not yet completed, and the results are not 
available for pubUcation." The machine apparently never 
gave an adequate degree of success. This is very deeply to be 
regretted, as not only (in the writer's opinion at least) was the 
cycle adopted the right one, but much ingenuity and labour 
was expended on constructional details. A general view of 
the gas turbine itself, apart from the pump, is shown in the two 
photographs (Fig. 92, A and B). A section of the kind of com- 
bustion chamber used is shown in Fig. 93. The fuel is intro- 
duced through the pulveriser P ; the air through the entry A ; the 
ignition takes place at K. The further half of the combustion 
chamber is water- jacketed (to a limited extent) by the coil C, 
through which water is circulated, and the steam thus raised is 
introduced into the combustion chamber and mixes with the 
products of combustion. The description of the " atomiser " 
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does not seem to have been wholly a success, and it is 
reported that, after a short period of working, the carborun- 
dum lining was swept bodily through the nozzle into the tur- 
bine. The Rateau compressor was made to run at a speed 
of 4,000 r.p.m., and was coupled direct to the turbine. The 
compressor is said to have absorbed one half of the total 
power given out by the turbine. This shows where the inherent 
weakness in the turbine lay ; the proportion of the negative 
work was too great. It would seem either that the initial 
temperature of the working fluid was not sufficiently high, or 
that the thermodynamic efficiencies of the turbine and pump 
were too low ; or, what is more likely to have been the case, 
the proportion of water added to the working fluid was not 
enough, and even so the conditions under which it was added 
were not such as to conduce to the best results. That the 
peripheral speed of the turbine wheel was too low to admit of a 
proper absorption of power does not seem likely, considering 
the speed of revolution adopted. 

It might here be pointed out that, had the turbine been 
worked as a sub -atmospheric turbine, expanding from 14-7 lbs. 
down to 1-93 lbs. abs., as might equally as well have been done 
• — the pump being used as an exhauster instead of as a com- 
pressor — a much higher efficiency might have been attained ; 
for not only the pump, but the turbine also, would have given 
greater efficiency owing to the decrease in frictional losses. 
Also several practical difficulties with regard to the combustion 
chamber would have been avoided, and the whole business 
of *' burning under pressure " would have been eliminated. 

The actual fuel consumption given by the Armengaud- 
Lemale turbine appears to be somewhat shrouded in gloom. 
It seems that M. Barbezat, who was associated with M. Rene 
Armengaud up to the untimely death of the latter, spoke of a 
fuel consumption of *' 1,200 to 1,300 grammes of petrol per 
horse-power hour." Taking the calorific value of the petrol to 
have been 10,000 T.U. per lb., this gives an overall efficiency of 
9-3 per cent. This value is far below that calculated above of 
15-1 per cent., though the usual codicil was added of " indication 
of the fuel consumption being very materially lowered." 

It is a great pity that the cycle used by Armengaud and 
Lemale has not been revived by some experimenter under more 
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favourable limiting conditions. Multiple compressors have 
to-day given efficiencies of over 70 per cent. ; also the value of 
the temperature after expansion, that is to say, the temperature 
on the blades, has been raised. While Armengaud used a 
temperature only of 400° C. upon his blades, Holzwarth in his 
explosion turbine appears to have employed temperatures up 
to 940° C, though it is true that he advises nothing higher 
than 450° C. 

THE EXPERIMENTAL WORK OF KARAVODINE. 

In 1908, M. Karavodine constructed a turbine, in Paris, of 
the open-chamber type. It gave about 2 H.P., and operated 
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Fig. 95. — Time-Pressure Diagram, Karavodine Turbine. 

with ease and regularity. The machine was extremely small. 
The wheel was of the de Laval type, and of some 6 inches in 
diameter, carried upon a flexible shaft. The turbine was fitted 
with four nozzles situated around its rim, to each of which was 
attached a separate combustion chamber. The form of the 
combustion chamber is shown in Fig. 69. X is a water jacket 
surrounding the body of the chamber ; Y and Z are the fuel 
and air inlets respectively ; D is a light valve held down by the 
spring A, and regulated as to Uft by the screw B. A sparking 
plug is placed at C. The nozzle, N, which is shown broken, 
was 3 cm. in length and 16 mm. bore. The volume of the 
explosion chamber was 230 c.c. 

Upon a charge being ignited in the chamber a sudden rise of 
pressure took place, and the gases rushed out through the 
nozzle, N, on to the turbine wheel. This outrush of the gases 
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produced a momentary suction effect in the chamber. That 
is to say, the pressure therein fell below that of the atmosphere 
outside. This caused the suction valve, D, to open and to 
admit a fresh charge of combustion mixture. This, in its turn, 
was ignited by the sparking plug at C, which was timed to be 
in keeping with the periodicity of the explosions. Thus a con- 
tinuous series of impulses was set up, and kept automatically 
continuous, without the mediation of any mechanically 
operated valve. The nature of the impulses produced is shown 
diagrammatically in Pig. 95. The co-ordinates represent pres- 
sure; the abscissae, time. About thirty-eight explosions were 
made a second. The maximum pressure obtained was about 
5 lbs. above the atmosphere ; the maximum suction about 
2 lbs. below. The wheel ran at a speed of 10,000 r.p.m., giving 
a peripheral speed of 258 feet per second. The machine in 
question was tested by M. Barbezat ; it gave a fuel consumption 
of 5 lbs. of petrol per horse-power per hour, or an overall 
efficiency of 2-85 per cent. ; a low figure, but it must be borne 
in mind that the machine was excessively small. A machine 
of this kind is so extraordinarily simple in construction and 
operation that, for small powers, there would seem to be no 
small opening for such, were an efficiency obtained approaching 
that of the small petrol motor. 

THE EXPERIMENTAL WORK OF HOLZWARTH. 

By far the. most important experimental work that has yet 
been done in the elucidation of the gas turbine problem, apart 
from the historical estimate, was that executed in the last few 
years by Herr Holzwarth, of Mannheim. The final form that 
Herr Holzwarth's turbine took is shown in Fig. 96. The cycle 
here adopted was that of explosion in a closed chamber ; that 
is to say, explosion behind a valve. Upon the explosion 
reaching its maximum pressure value the valve — which is held 
closed by a spring of the required strength — opens, and the 
products of combustion expand on to the turbine wheel. By 
an ingenious device the valve is held open ^hile this efflux 
takes place, for otherwise the valve would close again by its 
spring directly the pressure fell to that value at which the 
opening of the valve first occurred. 

The kinetic energy of the products of combustion are 
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FiQ. 96. — Holzwarth Gas Turbine (Vertical Section). 
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absorbed on a " double " wheel of the Curtis type. This 
wheel is of simple construction, mounted on a vertical shaft, 
and not water-cooled. The air and combustible was delivered 
into the chamber at an initial pressure higher than that of 
the atmosphere. The initial pressure in the combustion 
chamber varied from 1-3 to 1*9 atmospheres, the pressure upon 
explosion from 4-79 to 9-48 atmospheres. The initial compres- 
sion was effected by means of a rotary pump of the Rateau 
type, driven by means of a steam turbine. The steam for this 
turbine was raised from the waste heat of the gases effluent 
from the turbine wheel. That there is ample waste heat 
available for such compression ratios as were used is shown 
in the theoretical anatysis of this type of turbine in Chapter V. 
{q.v,). The experimental turbine shown in Fig. 95 was built 
for a nominal output of 1,000 H.P. The latest results to hand 
concerning the output and efficiency of this machine are those 
communicated to Mr. Dugald Clerk in connection with his 
paper upon the Gas Turbine, delivered before the British 
Association at Dundee, in September of last year. These were 
a maximum output of 450 B.H.P. and a maximum efficiency 
of 23 per cent. The absolute nature of this " efficiency " was 
not explained. 

In the section through the turbine. Fig. 96, the explosion 
chamber is shown at A. A number of such chambers form a 
ring above which the turbine is centred and which forms a 
self-contained bed plate for the whole machine. The inlet 
valve is shown at B ; there are two valves, one the inlet for 
the gas and the other for the air ; C is the valve closing the 
combustion chamber when the explosion is to take place. 
After passing through the turbine wheel the exhaust gases 
are delivered through the orifice D to the steam regenerator. 
The dynamo is supported above the turbine, a foot bearing for 
the whole machine being provided at E. A sleeve surrounds 
the turbine shaft at F, on account of the fact that an exhauster 
is used to remove the waste gases and to assist in " scavenging," 
fresh air being drawn in to sweep out the burnt products that 
remain in the chamber after ignition and expansion has taken 
place. The speed of the turbine was 3,000 r.p.m. The 
diameter of the turbine wheel was slightly over 3 feet, giving 
a peripheral velocity of about 500 ft. /sec. 
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The inlet valve is shown in section in Fig, 97. A is the 
valve shown at rest upon its seating. It is held firmly in place 
there by the spring B. C is a small piston fixed on to the 
valve spindle and butting against the spring B. This small 
■piston works in the sleeve D, which is itself a piston working 
in the chamber F. Thus D and C form together a differential 
piston. The purpose of this contrivance is to facilitate the 
proper opening and closing of the valve A, not by any 




Fig. 97.— Inlet Valve, Holzwarth Turbine. 



mechanical means but by a system of oil pressure-control, 
worked from a rotary distributor driven from the main turbine 
shaft. The use of the differential piston can be dispensed 
with, unless it is desired to control the valve from the outside. 
The oil pressure for opening the valve is admitted on top of 
the outer piston, a cushion of oil being held between the inner 
and the outer piston. During explosion, of coarse, the valve 
is held down by the pressure of gas in the combustion chamber 
as well as by the force of the spring. 



226 THE GAS TURBINE 

The nozzle valve is shown in Fig, 98, A is the valve seating ; 
B the \alve. The valve is shown in the Figure off its seating, 
in the position immediately after explosion. The opening of 
this valve is not controlled positively, either by oil control 
or mechanical means. The spring, S, holds the valve up 
against its seating until the ignition of the charge in the 
combustion chamber has taken place. The strength of the 
spring is so adjusted that when the force of the explosion 
reaches its maximum value — or, rather, just before that value 
is reached — the pressure of the explosion on the valve is 
sufficient to force it back against the spring. As soon as this 




Nozzle Valve, Holzwarth Turbine. 



has taken place, oil under pressure is admitted behind the 
piston, P, from the rotary distributor, and the valve forced 
fully open and held in that position until the gases in the 
chamber have fully expanded and the subsequent charge of 
scavenging air has swept through. The oil pressure is then 
released, and the valve closes by the air of the spring ; the 
combustion chamber is then ready for a fresh charge. 

A section through the rotary oil distributor is shown in 
Fig. 95), It consists of a rotating drum, upon a vertical ehaft, 
and is driven by a worm reduction gear from the main turbine 
shaft. There is a .separate rotor for each of the three sets of 
valves ; namely, the nozzle valves, the gas-inlet valves, and 
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the air-inlet valves. The oil is pumped under pressure into 
the space, A, above the rotor. The spaces X, Y and Z, feed 
oil to the three sets of valves as detailed above. The casing 
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Rotary Oil Distributor, Holzwartli Turbine. 



round the rotating drum is provided with axial ports, ten in 
number, ranged at equal intervals around the circumference. 
The rotor is itself provided with corresponding longitudinal 
ports. Oil is admitted under pressure to the interior of the 
rotor. It flows through the ports in the rotor, and thenco 

q2 
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tlirough tliose m the Rurroiinding casing, to tlie particular 
valve to be operated. When the particular port in the drum 
is again left open, the oil behind the piston in the valve chamber 
flows back into the oil sump, owing to the pressure of the 
spring closing the valve. The oil is then redrawn from the 
sump, compressed by the pump, and returned to the inside of 
the distributor at the required pressure. 

The steam regenerator took the simple form of a long vertical 
fire-tube boiler, the hot gases entering at the top, traversing 
the regenerator to the bottom, and then ascending again to 
be delivered out at the top. A steam dome of a suitable 
nature was provided above the regenerator, from which the 
steam was taken to drive the blowing plant. 

The blowing plant was of a simple nature, as the compression 
ratio used (maximum 1-9) was small. The plant consisted 
of a steam wheel, driven by the steam from the regenerator, 
a rotary compressor and an exhauster, or air circulator of the 
ordinary fan type, the pressure difference required to be 
set up by the exhauster being, of course, very slight. The 
blowing plant ran at a speed of 5,000 r.p.m. With rotors 
2 feet in diameter this would give a peripheral speed for the 
blower of 520 ft./sec. This gives, according to the formula of 
Professor Rateau — 

R= 1 + 6 X 10-'' . v^, 

a compression ratio of 1'15, for a single element of the pump. 
Since we have the ratio — 

Number of Elements = , ° t> 

log R 

where R is the compression ratio for one element and R' is 
the total compression ratio, the number of elements required 
for 1'9 compressions would be from 4 to 5. This does not 
necessitate a large or cumbersome compressor. It may be 
borne in mind in this connection that the Rateau compressor 
used in the Armengaud-Lemale experiments was composed of 
twenty -five elements. 

In the tests carried out on this turbine during the year 1911, 
the temperature of the working fluid after expansion, that is 
to say, the maximum temperature on the blades, was gradually, 
in successive tests, reduced to 400° C. This was the same 
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value as used in the Armengaud-Lemale turbine. In Herr 
Holzwarth's article, in September, 1912, in the Jotirnal fur 
Gasbeleuchtung (Munich), however, he states 450° C. as a 
practical working value for this temperature. 

As regards the actual efficiency obtained by Herr Holzwarth, 
it would seem that there is some misunderstanding or uncer- 
tainty (perhaps through inadequate translation) about the 
matter. The following criticism in this connection is quoted 
from Mr. Dugald Clerk's paper on the Gas Turbine read before 
the British Association in September of last year. 

" Mr. Holzwarth appears to claim a possible conversion of 30 per 
cent, of the heat supplied to the turbine into mechanical energy at the 
turbine shaft, and I understand that he has made this claim for the 
present turbine in its imperfect state. There is some mistake about 
this, because even on the air standard cycle, taking the approximate 
compressions used, and assuming expansion to atmosphere, the effi- 
ciency is too low to permit in practice in a reciprocating engine with 
its smaller heat losses more than about 15 per cent. With the larger 
turbine losses the theory of the Holzwarth machine does not appear 
to me to permit more than a 10 per cent, heat conversion, and so far 
as I understand Mr. Holzwarth's results, his actual conversion is much 
less than this." 

At the same time Herr Holzwarth telegraphed to Mr. Dugald 
Clerk that his best '' efficiency " obtained up to date was 
" 23 per cent." There is evidently some misunderstanding as 
to the reading of the word '' efficiency." 

In the Table of the results of the tests carried out on the 
1910 turbine, and given at the end of Herr Holzwarth's book, 
the best '' efficiency," denoted by the symbol " ^totai/' 
and not further defined, is given as 24-7 per cent. The initial 
compression in this case was 1'37 ; the initial temperature 
before ignition, 0o, 288° A. ; the temperature upon explosion, 
Oi, 1,440° A.; the temperature after expansion, 02, 880° A. 
A value of 54*5 per cent, was given for "r/turb./' which, 
presumably, denotes the thermodynamic efficiency of the 
turbine. It is easy from these data to calculate the overall 
efficiency of the turbine. 

We have the relation for this particular cycle that the work 
done, per lb. of working fluid — ■ 
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Substituting the values of 0u ^2, and Oq, given above, we 
have — 

W = 61-2T.U. 

Now the heat put into the system— 

H = Cr(^i — ^0) 
= 207 T.U. 

Therefore the thermal efficiency — 

t; = W/H = 29-6 per cent. 

But the thermodynamic efficiency of the turbine, " ^turb./' 
equalled, apparently, 54*5 per cent. Therefore the overall 
efficiency of the plant (exclusive of gas producer and any heat 
losses under the temperature of 1,440° A.) must have been — 

E = 29*6 per cent. X 54*5 per cent. = 16*2 per cent. 

How this can be made to coincide with the " Vtotai" of 
24-7 per cent., as reported by Herr Holzwarth, it is difficult 
to see. The divergence can only be explained, either on the 
supposition that the generally adopted methods of calculating 
the thermal efficiency of heat engines do not apply in the case 
of the explosion turbine, or that by the phrase " ^totai" is 
meant some other ratio than that of " work available on turbine 
shaft compared to the corresponding quantity of heat put into 
the system." 

The value of 24*7 per cent, is given in Table I. of the Appendix 
to Herr. Holzwarth's book ; the Tables II. and III. give much 
lower results for '' r;totai" based on certain formulae (Stodola) 
of calculation. Information that would be very acceptable 
would be a categoric statement of the actual fuel consumption 
in lbs. of oil, of stated calorific value, per brake horse-power per 
hour, given by the turbine, on test. 

Apart from the question of efficiency there is one defect 
inherent in the Holzwarth turbine, and common to all gas- 
explosion turbines of the closed-chamber type, which imperils 
the practical success of the machine. This is the operation of 
the delivery valve from the combustion chamber. 

It is extremely doubtful even whether explosion behind a 
valve which opens outwards, is ever likely to be continuously 
successful in practice, however ingenious — and Herr Holz- 
warth's ingenuity is worthy of the highest praise— the system 
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of operating that valve may be. The valve must be opened 
by the pressure within the explosion chamber reaching a 
sufficiently high value. Any system of positively-opened 
emission valve is considered by Herr Holzwarth to be inadmis- 
sible in practice. The tension in the valve spring must be 
constant. It is not to be supposed that the pressure produced 
in the chamber by successive explosions will always be the 
same ; any sUght difference in the mixture admitted would 
cause a difference in the maximum pressure set up. This 
would seem to suggest the very probable occurrence of the 
opening of the valve being delayed unduly — a condition of 
affairs not Ukely to conduce to the highest efficiency. The 
strain on the valve after lengthy periods of working must be 
very great. The whole system of valve control, is, indeed, 
in the closed-chamber explosion turbine a very troublesome 
and complicated matter, even when operated upon so ingenious 
a plan as the oil control of Herr Holzwarth. Unless the 
explosion turbine is found to give a very much higher efficiency 
than the present adduced value, the inherent complications 
seem to be likely to hinder its successful competition with other 
less compUcated, and probably more reliable, prime movers. 



CHAPTER XII. THE FUTURE OF THE GAS 

TURBINE. 

" To generalise," said Blake, " is to be an idiot : to parti- 
cularise is the great distinction of merit." Yet there are eases 
and occasions in which to generalise is not only permissible, but 
the only possible course to adopt. It is not allowable to 
particularise about the future. Only the most general indica- 
tions can be adventured as to the part that the gas turbine 
is likely to play among prime movers during the next few 
decades. Speculation is the most abortive of all the arts. 
But here, in conclusion, it may not be altogether out of place ; 
and imagination, so strenuously — and, no doubt, so properly — 
excluded from scientific work, may be admitted for a while on 
sufferance. 

Discountenancing any notion of using the Humphrey pump 
as a power unit to drive water turbines (a gas engine driving 
a centrifugal and the centrifugal driving a turbine would be 
more economical and less cumbersome — so why drag in the 
Humphrey pump ?), or any schemes of keeping bodies of 
water in continual motion by the explosive power of gas — ^for, 
so far, we are aware of no experimental data in regard to such 
devices — we are faced with the three possible types of gas 
turbines : the constant-pressure gas turbine, single-fluid or 
otherwise ; the constant-volume gas turbine, with the closed 
combustion chamber, i.e., the Holzwarth turbine ; and lastly, 
the open-chamber or Karavodine turbine. 

The constant-pressure gas turbines give the indication of the 
best fuel economy ; the Holzwarth type a considerably lower 
economy ; the Karavodine lowest of all. On the other hand, 
the mixed-fluid turbines would appear to be the most costly 
and cumbersome, the Holzwarth turbine less so ; and the 
Karavodine, which can only be possible for very small powers, 
the simplest and cheapest of all. 

From the most general standpoint, the advantages and 
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disadvantages of the various types of gas turbines may be 
summed up as follows : — 

(A) SINGLE-FLUID, CONSTANT-PRESSURE GAS TURBINE. 

I. Advantages. 

(a) Economy : high, under conditions in which the limits of 
temperature, pressure, and thermodynamic efficiencies are also 
high. 

(b) Absence of sulphuric acid difficulties owing to absence of 
steam in the working fluid. 

(c) Continuous turning movement on shaft. 

II. Disadvantages. 

(a) Economy : low, if limiting conditions are not of the 
highest. Efficiency falls ofiE very rapidly directly the tempera- 
ture or thermodynamic efficiencies of turbine and pump begin 
to drop. 

{b) Heat losses from combustion chamber tend to be he^y 
owing to impossibility of adequate water-jacketing. ^ 

(c) Difficulties with regard to an air-to-air regeneratp/, as 
compared to an air-to -steam regenerator. '^^ 

(d) Difficulties of governing and control. 

(e) Undue importance of rotary compressor owing to large 
proportion of '' negative work." 

(B) MIXED-FLUID STEAM-AND-GAS TURBINE. 

I. Advantages. 

{a) Economy : high. Falling off slightly with drop in 
limiting conditions. Therefore comparative unimportance of 
thermodynamic efficiency of pump, turbine, etc., compared to 
foregoing case. 

(b) Minimum heat losses from combustion chamber and 
turbine owing to complete water-jacketing. 

(c) Entire machine working under sub -atmospheric condi- 
tions ; extreme lightness of construction therefore possible. 
Maximum pressure in system not exceeding 14 lbs. per square 
inch. 

(d) Ease in governing and control by use of additional high 
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presRure wlicel. (In thi« case the advantage of low pressure is 
annulled.) 

(e) Reduced proportion of negative work, and consequent 
decreased importance of rotary compressor. 

(f) Continuous turning movement on shaft. 

II. Disadvantages. 

(a) Probable presence of sulphuric acid in condenser owing 
to admission of steam into the system. 

(6) Increased size of combustion chamber into what is 
practically a steam boiler. 

(C) CONSTANT-VOLUME TURBINE, HOLZWARTH TYPE. 

I. Advantages. 

(a) Reduction of rotary compressor in size and importance 
as compared with the constant-pressure gas turbines. 

(6) Ease of governing by the control of number of explosions 
per unit of time. 

(c) Absence of any sulphuric acid difficulties (as compared 
to mixed-fluid turbines). 

(d) Probable less heat losses from combustion chamber as 
compared to constant-pressure, single-fluid turbine. ' 

I I . Disadvantages. 

(a) Low economy as compared to the two foregoing types. 
(6) Greater heat losses from the combustion chamber as 
compared to the mixed-fluid turbine. 

(c) Periodic impulses on wheel instead of continuous 
movement. 

(d) The difficulty of getting a valve that has to be opened 
by explosion to work satisfactorily for any length of time. 

(D) THE KARAVODINE TURBINE. 

I. Advantages. 

(a) Extreme simplicity ; complete absence of positively- 
operated valves. 

II. Disadvantages. 

(a) Very low economy. 

(6) Only suitable for very small powers. 
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This broadly represents a comparative survey of the three, 
or rather four, types of gas turbines that actual experiment has 
proved practically possible. It is clear that the mixed-fluid, 
constant-pressure turbine, has every advantage over the 
single-fluid, constant-pressure turbine, save in the respect 
of the sulphuric acid question. Constant-pressure turbines 
naturally commend themselves only for large powers. For 
small powers the machines are too cumbersome and too costly. 
It must be borne in mind that a rotary compressor of 500 H.P. 
is about the same size, and not considerably less costly than 
one of 2,000 H.P. For large power installations, where first 
cost is of small importance compared to economy in fuel 
consumed, the mixed-fluid, constant-pressure steam-and-gas 
turbine, would seem to be the most suitable. 

For smaller powers, where a smaller and cheaper machine is 
desired, and where fuel economy is only of secondary considera- 
tion, the constant-volume turbine of the Holzwarth type is 
indicated. For very small powers, where extreme simplicity 
and lightness is desired above all else, and a large fuel consump- 
tion is of no moment, there would seem to be a field for the 
Karavodine open-chamber type of turbine. 

It would seem, generally, that the mixed-fiuid, constant- 
pressure gas turbine would find its most fitting field of operation 
in installations of 1,000 H.P. and upwards, that the Holz- 
warth turbine would be most suited to units from 1,000 H.P. 
down to 100 H.P., and that the Karavodine type would be 
eligible only for small powers, from 1 H.P. up to 20. There 
are certain special applications in which the gas turbine, were 
it once to become a success as a practical machine, might 
be employed. One of the most important of these is the 
utilisation of waste gases from blast furnaces. It is easily 
discernible how much better suited for this purpose is the gas 
turbine than the gas engine, if the former were as efficient as 
the latter. For this use the constant-pressure type of turbine 
chiefly commends itself. The advantage, in cases of large 
power installations, of using entirely rotary machinery and 
eliminating all reciprocating parts is patent. In a 3,000 or 
4,000 H.P. unit of the mixed-fluid, constant-pressure turbine 
type there are no parts having reciprocating motion, no 
mechanically worked valves — in fact, no valves at all. With 
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gas engines it is not often advisable to put more than 250 H.P. 
in one cylinder, and a gas engine plant of the same power 
might involve six or eight units with all the necessary and 
complicated valve mechanisms of the gas engine and all its 
inherent defects of strains in connecting rod and crank. 

Another field for the gas turbine is the utilisation of crude 
oils, upon the spot where they are found, to generate electric 
power and distribute the same throughout the surrounding 
country. At the actual oil wells, where the fuel has to undergo 
no transit, the cost of burning oil fuel would be very much less 
than it is here in England ; and in any oil fields sufficiently 
near populated districts, where there would be the necessary 
market for the power, the setting up of central power installa- 
tions might be very remunerative. In this connection the 
constant -pressure type of turbine in large power units would 
seem to be most suitable. The map (Fig. 100) is taken from 
Dr. Diesel's paper before the Institution of Mechanical 
Engineers, in March, 1912. It shows the distribution of the 
petroleum fields throughout the world in the year 1908. In 
places such as the oil fields of Pennsylvania and the shore of 
the Caspian sea, power stations of this sort might be set up of 
almost any size. 

It might be possible to apply the constant-volume gas 
turbine to tractional purposes, though it is doubtful whether 
a small explosion turbine driving, as it would have to do, 
through much reduction gearing could equal in efficiency the 
ordinary petrol engine. The constant-pressure type would be 
likely to be banned from this and such similar applications, on 
account of the size of the rotary compressor. 

The explosion turbine has been suggested for the aeroplane. 
If an efficient type of open-chamber gas turbine could be 
devised, such might be possible ; but the valve control in the 
closed chamber type would hardly seem to offer any advantage 
in simplicity over the petrol engine. Even in aerial work 
efficiency cannot be entirely disregarded, as the more efficient 
the engine used is, the less weight of petrol has the aviator to 
carry with him for any given distance of fiight. 

With regard to ship propulsion, there would not seem to be 
any particular likelihood of the gas turbine, in any form, 
competing with the Diesel oil engine. The oil turbine in its 
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n ost effic ent f r t] at tl e team and 1 turb ne doea not 
p o e more tl an a 1 gl t ncrea e on the efficienc es already 
obtained w th tl e D e el eng c a i v h ts rotary com 
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pressors the machine would be too bulky for marine work. 
In any case of ship propulsion where it was more reasonable 
to use oil instead of coal fuel the Diesel engine would be more 
suitable a machine to employ than any type of gas turbine. 
The proposals that have been made to use the Humphrey pump 
for ship propulsion seem sufficiently ridiculous to be dismissed 
with a reference as to the size and weight of this type of 
machine. 

The chief field for the gas turbine in the future would 
undoubtedly seem to lie in the production of electric energy, 
whether oil, blast furnace, or producer gas be used. It must 
be borne in mind that the gas turbine is essentially a high-speed 
machine. As much as possible of the expansion ratio (in 
practice the whole of it) must take place in the first nozzle, 
which necessitates a high peripheral speed for high efficiencies. 
The speed cannot be reduced by any system of pressure step 
series, as is done in the Rateau or Parsons type of steam 
turbine. For this reason the gas turbine is only suited for the 
driving of dynamos or alternators, slower work requiring 
the interposition of gearing. 

The foregoing survey of the future of the gas turbine is 
wholly speculative. Before concluding it may be not unedi- 
fying to place side by side the overall efficiencies that the 
various types of gas turbines ought to give and those which, 
in actual experimental work, have been recorded. These may 
be tabulated as on opposite page. 

In the figures in the table it will be noticed that in 1905 Armen- 
gaud and Lemale only got half the efficiency on test that they 
should have obtained for the limits within which their machine 
operated. In 1911 Holzwarth approaches the theoretically 
calculated value very nearly. This has a special significance. 
In 1903 — 1906 the rotary compressor was not as efficient a 
machine as it is now. The combustion chamber used by 
Armengaud and Lemale was not so constructively perfect a 
piece of work as that of Herr Holzwarth in his explosion 
turbine. It is reasonable to suppose that had the experiments 
of the constant-pressure gas turbine had the benefit of the 
increased efficiency in accessory machinery and construction 
of to-day, results agreeing much more closely with the calcu- 
lated values would have resulted. With regard to the Karavo- 
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per cent. 




vodine). 









1 Vide Chapter V., p. 118, and Chapter XT., p. 229. 

dine experiment, the turbine was so small that anything 
approaching a reasonable economy was not to be expected. 
A repetition of the experiments of Armengaud and Lemale, and 
of Karavodine to-day, with improved machinery and on a more 
adequate scale, would yield no doubt very much better results. 
And there is still the mixed-fluid steam-and-gas turbine to be 
arraigned before the tribunal of actual experimental test. 

One or two suggestions as to what would not be unwelcome 
in experimental data may not be out of place. 

First, authoritative tests as to the efficiency of turbo- 
compressors, used as exhausters instead of compressors. Up to 
the present I am not aware of any such tests having been made. 
We know that a compressor of six elements, with a peripheral 
velocity of 850 ft. /sec, will (according to Professor Rateau's 
formula) give a compression ratio of nearly ten. Will it do 
this as efficiently — or more efficiently, as theory indicates — 
below the atmosphere as above it ? A test of this nature would 
be very helpful and of the utmost importance to the success of 
the gas turbine. 
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Secondly, independent tests as to the temperature at which 
a bladed wheel can be run over considerable periods of time 
without undue erosion. By independent tests is meant tests 
as to temperature limits only, altogether apart from efficiency 
tests on any actual turbine. 

Thirdly, an exhaustive series of tests as to the radiation and 
other heat losses from combustion chambers of various size, 
shape and material, with the combustion both at constant- 
pressure and at constant-volume, with special reference to 
the rate of increase of heat losses with rise in temperature. 

Fourthly, investigations as to the behaviour of mixed fluids 
upon expansion. 

Fifthly, inquiry as to whether the introduction of steam into 
the products of combustion of gas containing sulphur produces 
undue quantities of sulphuric acid, and, if so, means by which 
the evil may be remedied (i.e., by introduction of base, etc.). 

Sixthly, data as to the conductivity of heat, from air to air, 
through metal tubes. 

Seventhly, experiments with explosions in open vessels and 
long tubes {vide Chapter V., p. 130). 

An experimental investigation into any of the questions 
mentioned above would be invaluable to all interested in the 
success of the gas turbine as a prime mover. 

It has been said more than once throughout this book that 
the gas turbine problem is entirely a practical problem. It 
would be only fitting and in order that I should end with a 
tribute to those who have been pioneers in experimental work ; 
firstly, to the memory of Rene Armengaud, who, at a time when 
such was much more adventurous than it is to-day, built his 
300 H.P. turbine in the face of many difficulties ; and secondly, 
to Herr Holzwarth, who, as far as I know of, has been the only 
man since daring enough to adventure his opinion in as concrete 
a manner and on as large a scale. 

The theorist inevitably feels that he is but repeating, or at 
the most interpreting, what others before him have said, or 
have tried to say. 

Let it be his first duty to acknowledge his indebtedness to 
those who, sometimes with knowledge, often without, have 
had the courage to put their theories — and, incidentally, his — 
to the categoric test of experiment. 
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LIST OF GAS TURBINE PATENTS, 1856—1913. 



1856 . 


. 1,672 


. . Newton. 


1894 


.. 11,526 


. . Redfem. 


1858 . 


. 2,271 


. . Shaw and Cooper. 


1895 


. . 2,565 


. . Ferranti. 


1860 . 


878 


. . Henry. 




9,922 


. . Berrenberg and 


1861 .. 


1,633 


. . Mennons. 






Krauss. 


1864 .. 


1,636 


. . Boulton. 




11,955 


. . Atkinson. 


1865 .. 


1,915 


. . Boulton. 




23,740 


. . Thomson and 


1870 .. 


1,859 


. . Bourne. 






Webb. • 


1871 .. 


2,326 


. . Anderson. 


1896 


180 


. . BoUman and 




2,587 


. . Plessner. 






Kohnberger 


1872 .. 


1,155 


. . Goransson. 




1,404 


. . Maxim. 


1873 .. 


2,246 


. . Siemens. 




2,436 


. . Maxim. 


1874 .. 


486 


. . Ford. 




6,073 


. . Cook. 


1875 .. 


1,848 


.. Clerk. 




15,752 


. . GowUand. 




4,324 


. . Preiswerk. 




16,630 


. . Beetz. 


1876 .. 


2,236 


. . Martin. 




19,134 


. . Boult. 




2,386 


. . Cook. 


1897 


. . 2,123 


. . Martindale. 




4,745 


. . Cook. 




2,595 


. . Ringlemann. 


1877 . 


. 4,571 


. . Fallart. 




17,842 


. . Marconnet. 


1879 . 


. 1,161 


. . Graddon. 




19,673 


. . Hayot. 


1881 . 


. 2,280 


.. Ford. 




28,821 


. . Thompson. 




3,561 


. . Kerkhove and 




29,508 


. . Huber. 






Suyers. 




30,672 


. . de Tangry. 




5,237 


. . Newton. 


1898 


. . 7,398 


. . Stolze. 


1883 . 


911 


. . Capell. 




19,392 


. . Backerstrom 




1,552 


. . Manghan and 




21,079 


. . Vandel. 






Waddy. 




24,847 


. . Coard and Char 




2,354 


. . Trossin. 






pentier. 




5,297 


.. Wirth. 




26,767 


. . Thnipp. 


1884 .. 


5,302 


. . Johns and Johns. 




26,802 


. . Edge. 




9,394 


. . Paddock. 


1899 


.. 11,433 


. . Haddam. 




11,361 


. . Justice. 




11,544 


. . Tygard and 


1885 .. 


13,309 


. . Dinsmore. 






Tygard. 


1888 . 


14,630 


. . Susini. 




11,557 


. . Weichelt. 


1889 . 


4,302 


. . Phillips. 




17,721 


. . Nivert. 




5,559 


. . Bergner. 


1900 


. . 4,938 


. . Baillie. 


1891 .. 


741 


. . Adams. 




5,970 


. . Steffen. 




14,134 


. . Watkinson. 




8,052 


. . Sof tley and 


1892 .. 


13,939 


. . Sayer. 






Clements. 


1893 .. 


6,204 


. . Sayer. 




13,512 


. . Steffon. 


1894 .. 


7,485 


. . Merryweather and 




16,603 


. . Windhausen. 






Jakeman. 




23,479 


. . Coleman. 



O.T. 



B 
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1901 


.. 1,071 


. . van Beresteyn. 


1904 .. 17,180 .. 


Stolze. 




2,858 


. . Morin. 


17,296 .. 


Blieden and Da vies. 




6,469 


. . Probst. 


18,329 .. 


Hessler. 




12,696 


. . Heinzeling. 


18,404 .. 


Ker. 




17,520 


. . Edge. 


18,435 .. 


Aktieselflkabet 




19,123 


. . Rowbotham and 
Rowbotham. 




Elbing Com- 
prefwor CJo. 




19,378 


.. PoUak. 


20,137 .. 


Young. 




19,920 


. . Fullagar. 


21,320 .. 


Fullagar. 




22,131 


. . Humphrey. 


22,001 .. 


Lemale. 


1902 


.. 5,711 


. . Jacob. 


23,037 .. 


Eckersley. 




6,258 


. . Enderly and 


24,591 .. 


Fullagar. 






Enderly. 


24,807 .. 


KnUpper. 




10,601 


. . de Kierzkowski- 


25,199 .. 


Windhausen. 






Stewart. 


25,199a.. 


Windhausen. 




14,946 


. . Porter. 


26,178 .. 


Vogt. 




17,605 


. . Loumiet. 


28,627 .. 


Thompson. 




18,032 


. . Hawkins. 


28,833 .. 


j)ecK. 




22,992 


. . Cumming. 


29,495 .. 


Ferranti. 




24,781 


. . Ferranti. 


1905 .. 3,607 .. 


Vogt. 




25,179 


. . Huskisson. 


3,985 .. 


Lentz. 


1903 


. . 4,758 


. . Lemale. 


3,985a . . 


Lentz. 




6,041 


. . Kaudsen. 


6,682 .. 


Warick Machinery 




6,287 


. . Stippe. 




. Co. (G. E. C). 




6,422 


. . Lemale. 


7,847 .. 


SteffenR and Rothe. 




7,685 


. . Ferranti. 


8,831 .. 


Stodola. 




13,199 


. . Ferranti. 


8,881 .. 


Stimner. 




14,308 


. . Boult. 


10,204 .. 


Zoelly. 




14,936 


. . Cumming. 


12,769 .. 


Semmler. 




16,584 


. . Smal. 


13,185 .. 


Lemale. 




16,998 


. . Godoy. 


13,362 .. 


Gasmotoren-Fabrik 




1 7,560 


. . Lees. 




Dentz. 




1 8,459 


. . Ashworth. 


13,473 .. 


Stodola. 




21,886 


. . Mars. 


14,389 .. 


Renshaw. 




23,872 


. . Wilson. 


14,405 .. 


Gasmotoren Fabrik 




24,064 


. . Drummond. 




Dentz. 


1904 


.. 1,092 


. . Palairet and 
Barker. 


14,486 .. 


Gasmotoren Fabrik 
Dentz. 




1,409 


. . Ferranti. 


14,461 .. 


Greenwood and 




6,317 


. . Fullagar. 




Anderson. 




(),380 


. . Smith and Lewis. 


14,461b.. 


Greenwood and 




(>,r)70 


. . Mackintosh. 




Anderson. 




9,495 


. . Ferranti. 


14,461c.. 


Greenwood and 




9,496 


. . Ferranti. 




Anderson. 




10,281 


. . Thompson. 


17,941 .. 


MarciUe. 




12,239 


. . Westinghouse and 


18,665 .. 


SmaL 






Leblanc. 


19,632 .. 


Semmler. 




13,876 


. . Semmler. 


19,912 .. 


Ferranti. 




14,385 


. . Picherv. 

ftr 


24,320 .. 


Smith. 




14,552 


. . Wasley. 


24,656 .. 


Marquis de Chasse- 




14,781 


. . Crossley and 




loup-Lanbat. 






Atkinson. 


25,049 .. 


Retz. 



1905 



1906 



1907 
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25,582 .. 


Fullagar and 
Bottomley. 


1907 .. 


8,578 . 


. Holzwarth and 
Junghaus. 


26,699 .. 


Gelleri and Pemyss. 




9,919 . 


. Sinal. 


26,950 .. 


Wilson. 




13,852 . 


. Soc. des Brevets 


27,019 .. 


Villepique. 






^trang^rs. 


27,272 .. 


Gadda. 




14,031 . 


. Barclay. 


2,355 .. 


Hutchings. 




15,127 . 


. Rollin. 


2,818 .. 


Knauff. 




24,085 . 


. Davey and Davey. 


3,570 .. 


Winand. 




24,403 . 


. Soc. des Turbo - 


3,962 .. 


Hutchings. 






Moteurs k Com- 


5,320 .. 


Meyersberg. 






bustion. 


7,603 .. 


Rollin. 




24,842 . 


. Brooke and Brooke 


8,273 .. 


Knauff. 




26,184 . 


. Soc. des Turbo - 


8,886 . . 


Ferranti. 






Moteurs k Com- 


10,204 .. 


Karavodine. 






bustion. 


10,376 .. 


Rateau. 




26,215 . 


. Hutchings. 


11,874 .. 


Maschinenbau- 




26,580 . 


. Davey. 




Anstalt, Hum- 




27,219 . 


. Dodd. 




b o 1 d t and 




27,287 . 


. P6cheur. 




Schmick. 




27,724 . 


. Esnault-Pelterle. 


12.055 .. 


Cruyt. 


1908 .. 


2,209 . 


. Esnault-Pelterie. 


12,157 .. 


Ulmer. 




3,484 . 


. Kause. 


12,735 .. 


Fullagar. 
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calorific value of, 43, 141 
composition of, 138—140 
Compressors : 

Rateau, 169—172 
Zoelly, 161—168 
Condensers : 

Davey gas turbine, 63 
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pumps used as, 60, 175, 185 
Expansion ratio : 
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calorific value of, 43, 141 
composition of, 138, 139 

National gas engine, trials of, 133, 135 
Ne^vton, 2, 214 
Nielson, 54, 179 
Nozzles : 

control of, 66 

efficiency of, 34 

friction losses in, 50 
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efficiency of, 153, 201 
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efficiency of, 87, 89 
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Temperatt're : 

change of constants with. See 

Constants, change of. 
initial. 32, 56 
of explosion, 109 — 112 
rise in efficiency with — 

mixed-fluid turbines, 74, 75 
single-fluid turbines, 37, 38 
terminal (on blades), 162, 179 
Traction, 236 

Turbines. See under separate names ; 
I.e., Armengaud, Holzwarth. etc. 



Utilisation of waste gases from blast 

furnaces, 235 
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Vacuum : 

breaking of, 16, 164, 165 

lowest used, 184, 185 
Valves : 
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Velocity : 

diagram for Curtis wheel, 58 

losses due to variation of, 121 — 125 

of gases, 57, 58 
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compressor, 170 — 173 
turbine, 31. 34, 58, 180—182 

WATER-cooling. See Cooling. 
Work, negative ; on pump, 19, 220 

ZoELLY compressor, 166 — 168 
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Bowles, O. Tables of Common Rocks. (Science Series No. 125.).! 6mo, 050 

Bowser, £. A. Elementary Treatise on Analytic Geometry i2mo, i 75 

Elementary Treatise on the Differential and Integral Calculus , 1 2mo, 2 25 

Elementary Treatise on Analjrtic Mechanics i2mo, 3 od 

Elementary Treatise on Hydro-mechanics i2mo, 2 50 

-- — A Treatise on Roofs and Bridges i2mo, *2 25 

Boycott, G. W. M. Compressed Air Work and Diving 8vo, *4.oo 

Bragg, E. M. Marine Engine Design i2mo, *2 00 

Brainard, F. R. The Sextant. (Science Series No. loi.) i6mo, 

Brassey*s Naval Annual for igii 8vo, *6 00 

Brew, W. Three-Phase Transmission 8vo, *2 00 

Briggs, R., and Wolff, A. R. Steam-Heating. (Science Series No. 

67.) i6mo, o 50 

Bright, 0. The Life Story of Sir Charles Tilson Bright Svo, *4 50 

Brislee, T. J. Introduction to the Study of Fuel. (Outlines of Indus- 
trial Chemistry.) Svo, *3 00 

Broadfoot, S. K. Motors, Secondary Batteries. (Installation Manuals 

Series.) ;.i2mo, *o 75 

Broughton, H. H. Electric Cranes and Hoists *9 00 

Brown, G. Healthy Foundations. (Science Series No. 80.) i6mo, o 50 

Brown, H. Irrigation Svo, *5 00 

Brown, Wm. N. The Art of Enamelling on Metal i2mo, *x 00 

Handbook on Japanning and Enamelling i2mo, '*'x 50 

House Decorating and Painting i2mo, *i 50 

History of Decorative Art i2mo, *i 35 
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Brown, Wm. N. Dipping, Burnishing, Lacquering and Bronxing 

Brass Ware zimo, '^'x oo 

Workshop Wrinkles 8vo, *i oo 

Browne, C. L. Fitting and Erecting of Engines 8vo, *i 50 

Browne, R. E. Water Meters. (Science Series No. 81.) z6mo, o 50 

Bruce, E. M. Pure Food Tests zimo, *i 25 

Bnihns, Dr. New Manual of Logarithms 8vo, clotii, a 00 

half morocco, a 50 

Bnmner, R. Manufacture of Lubricants, Shoe Polishes and Leatiier 

Dressings. Trans, by C. Salter 8vo, *3 00 

Buel, R. H. Safety Valves. (Science Series No. 21.) i6mo, o 50 

Bums, D. Safety in Coal Mines lamo, *z 00 

Burstall, F. W. Energy Diagram for Gas. With Text 8vo, i 50 

Diagram. Sold separately ♦! 00 

Burt, W. A. Key to the Solar Compass i6mo, leather, a s > 

Burton, F. G. Engineering Estimates and Cost Accounts lamo, *i 50 

Buskett, E. W. Fire Assaying i2mo, *x 25 

Butler, H. J. Motor Bodies and Chassis Svo, *2 50 

Byers, H. G., and Knight, H. G. Notes on Qualitative Analjrsis 8yo, *z 50 

Cain, W. Brief Course in the Calculus lamo, *i 75 

Elastic Arches. (Science Series No. 48.) i6mo, o 50 

Maximum Stresses. (Science Series No. 38.) i6mo, o 50 

Practical Designing Retaining of Walls. (Science Series No. 3.) 

z6mo, o 50 

Theory of Steel-concrete Arches and of Vaulted Structures. 

(Science Series No. 42.) i6mo, o 50 

Theory of Voussoir Arches. (Science Series No. 12.) i6mo, o 50 

Symbolic Algebra. (Science Series No. 73.) i6mo, o 50 

Campin, F. The Construction of Iron Roofs 8to, a 00 

Carpenter, F. D. Geographical Survejring. (Science Series No. 37.).z6mo, 

Carpenter, R. C, and Diederichs, H. Internal Combustion Engines. . 8vo, *5 00 

Carter, E. T. Motive Power and Gearing for Electrical Machinery. 8vo, *5 00 

Carter, H. A. Ramie (Rhea), China Grass lamo, *i 00 

Carter, H. R. Modem Flax, Hemp, and Jute Spinning 8vo, *3 00 

Cary, £. R. Solution of Railroad Problems with the Slide Rule . . i6mo, *z 00 

Cathcart, W. L. Machine Design. Part I. Fastenings 8vo, *3 00 

Cathcart, W. L., and Chaffee, J. I. Elements of Graphic Statics. . .8to, *3 00 

Short Course in Graphics lamo, z 50 

Caven, R. M., and Lander, G. D. Systematic Inorganic Chemistry. Z2na[0, *2 60 

Chalkley, A. P. Diesel Engines 8vo, *3 00 

Chambers' Mathematical Tables Svo, z 75 

Chambers, G. F. Astronomy i5mo, ♦z 50 

Charpentier, P. Timber .- Svo, *6 00 

Chatley, H. Principles and Designs of Aeroplanes. (Science Series 

No. 126) z6mo, o so 

■ How to Use Water Power zamo, *z 00 

• Gyrostatic Balancing 8vo, *z 00 

Child, C. D. Electric Arc 8vo, *a 00 

Child, C. T. The How and Why of Electricity zaoio, z 00 
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Christian, M. Disinfection and Disinfectants. Trans, by Chas. 

Salter "mo, 200 

Christie, W. W. Boiler-waters, Scale, Corrosion, Foaming; 8vo, 

Chimney Design and Theory / 8vo, 

Furnace Draft. (Science Series No. 123.) i6mo, 

Water: Its Purification and Use in the Industrle3 8vo, 

Church's Laboratory Guide. Rewritten by Edward Kinch Svo, 

Clapperton, G. Practical Papermaking Svo, 

Clark, A. G. Motor Car Engineering. 

Vol. I. Construction 

Vol. n. Design {In Press.) 

Clark, C. H. Marine Gas Engines i2mo, 

Clark, D. K. Fuel: Its Combustion and Economy i2mo, 

Clark, J. M. New System of Laying Out Railway Turnouts i2mo, 

€lausen-Thue, W. ABC Telegraphic Code. Fourth Edition . . . i2mo. 

Fifth Edition 8vo, 

The A I Telegraphic Code 8vo, 

Clerk, D., and Idell, F. E. Theory of the Gas Engine. (Science Series 

No. 62.) i6mo, o 50 

Clevenger, S. R. Treatise on the Method of Government Surveying. 

— yc^sj K^m^ i6mo, morocco, 

Clouth, F. Rubber, Gutta-Percha, and Balata ^ .... T ... . Svo, 

Cochran, J. Concrete and Reinforced Concrete Specifications Svo, 

Treatise on Cement Specifications Svo, 

Cofl^, J. H. C. Navigation and Nautical Astronomy i2mo, *3 50 

Colburn, Z., and Thurston, R. H. Steam Boiler Explosions. (Science 

Series No. 2.) i6mo, o 50 

Cole, R. S. Treatise on Photographic Optics i2mo, 150 

Coles-Finch, W. Water, Its Origin and Use .'. .Svo, *5 00 

Collins, J. E. Useful Alloys and Memoranda for Goldsmiths, Jewelers. 

— • i6mo, o 50 

Collis, A. G. High and Low Tension Switch-Gear Design Svo, *3 5d 

Switchgear. (Installation Manuals Series.) lamo, *o 50 

Constantine, E. Marine Engineers, Their Qualifications and Duties. . Svo, *2 00 

Coombs, H. A. Gear Teeth. (Science Series No. 120.) i6mo, o 50 

Cooper, W. R. Primary Batteries Svo, *4 00 

" The Electrician " Primers Svo, *5 00 

Part I *i 50 

Part II *2 50 

Part III *2 00 

Copperthwaite, W. C. Tunnel Shields 4to, *g od 

Corey, H. T. Water Supply Engineering Svo (In Press.) 

Corfield, W. H. Dwelling Houses. (Science Series No. 50.) ... . i6mo, o 50 

Water and Water-Supply. (Science Series No. 17.) i6mo, o 50 

Cornwall, H. B. Manual of Blow-pipe Analysis Svo, *2 50 

Courtney, C. F. Masonry Dams Svo, 3 50 

Cowell, W. B. Pure Air, Ozone, and Water i2mo, *2 00 

Craig, T. Motion of a Solid in a Fuel. (Science Series No. 49.) . i6mo, o 50 
Wave and Vortex Motion. (Science Series No. 43.) i6mo, o 50 
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Cramp, W. Continuous Current Machine Design 8vo, *2 50 

Creedy, F. Single Phase Commutator Motors 8vo, *2 00 

Crocker, F. B. Electric Lighting. Two Volumes. 8vo. 

Vol. I. The Generating Plant 3 03 

Vol. n. Distributing Systems and Lamps 

Crocker, F. B., and Arendt, M. Electric Motors Svo, *2 50 

Ctocker, F. B., and Wheeler, S. S. The Management of Electrical Ida- 

chinery lamo, *i 00 

Cross, C. F., Bevan, E. J., and Sindall, R. W. Wood Pulp and Its Applica- 
tions. (Westminster Series.) Svo, ♦a 00 

Crosskey, L. R. Elementary Perspective Svo, z 00 

Crosskey, L. R., and Thaw, J. Advanced Perspective Svo, z 50 

CuUey, J. L. Theory of Arches. (Science Series No. S7.) z6m0| o 50 

Dadourian, H. M. Analjrtical Mechanics zamo, *3 00 

Danby, A. Natural Rock Asphalts and Bitumens Svo, *2 50 

Davenport, C. The Book. (Westminster Series.) Svo, *a 00 

Da vies, D. C. Metalliferous Minerals and Mining Svo, 5 00 

Earthy Minerals and Mining Svo, 5 00 

Davies, £. H. Machinery for Metalliferous Mines Svo, S 00 

Davies, F. H. Electric Power and Traction Svo, *a 00 

Foundations and Machinery Fixing. (Installation Manual Series.) 

z6mo, *z 00 

Dawson, P. Electric Traction on Railways Svo, *9 00 

Day, C. The Indicator and Its Diagrams zamo, *a 00 

Deerr, N. Sugar and the Sugar Cane Svo, *S 00 

Deite, C. Manual of Soapmaking. Trans, by S. T. King 4t0y *5 00 

DelaCouz,H. The Industrial Uses of Water. Trans, by A. Morris. Svo, *4 50 

Del Mar, W. A. Electric Power Conductors Svo, *a 00 

Denny, G. A. Deep-level Mines of the Rand 4tOy *zo 00 

Diamond Drilling for Gold ♦$ 00 

De Roos, J. D. C. Linkages. (Science Series No. 47.) z6mo, o 50 

Derr, W. L. Block Signal Operation Oblong zamo, *z 50 

Maintenance-of-Way Engineering {In Preparation.) 

Desaint, A. Three Hundred Shades and How to Mix Them Svo, *zo 00 

De Varona, A. Sewer Gases. (Science Series No. 55.) Z6111O9 _ o 50 

Devey, R. G. Mill and Factory Wiring. (Installation Manuals Series.) 

zamo, *z 00 

Dibdin, W. J. Public Lighting by Gas and Electricity Sv«, *S 00 

— — Purification of Sewage and Water Svo, - 6 50 

Dichmann, Carl. Basic Open-Hearth Steel Process zamo, *3 50 

Dieterich, K. Analysis of Resins, Balsams, and Gum Resins Svo, *3 00 

Dinger, Lieut. H. C. Care and Operation of Naval Machinery . . . zataio, *a 00 
Dixon, D. B. Machinist's and Steam Engineer's Practical Calculator. 

i6mo, moroccoy z 35 

Doble, W. A. Power Plant Construction on the Pacific Coast {In Press.) 
Dommett, W. E. Motor Car Mechanism lamo^ *x 95 

Dorr, B. F. The Surveyor's Guide and Pocket Table-book. 

z6mo, morocco, 2 00 

Down, P. B. Handy Copper Wire Table z6iiiO| *i 00 
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Draper, C. H. Elementaiy Text-book of Light, Heat and Sound . . i2mo, i 00 
Heat and the Principles of Thermo-dynamics i2mo, *2 00 

Dubbel, H. High Power Gas Engines (/71 Press.) 

Duckwall, E. W. Canning and Preserving of Food Products 8vo, *s oo 

Dumesny, P., and Noyer, J. Wood Products, Distillates, and Extracts. 

8vo, *4 50 
Duncan, W. G., and Penman, D. Tho Electrical Equipment of Collieries. 

8vo, *4 00 
Dimstan, A. E., and Thole, F. B. T. Textbook of Practical Chemistry. 

i2mo, '^i 40 

Duthie, A. L. Decorative Glass Processes. (Westminster Series.) . Svo, *2 00 

Dwight, H. B. Transmission Line Formulas Svo, *2 00 

Dyson, S. S. Practical Testing of Raw Materials Svo, *s 00 

Dyson, S. S., and Clarkson, S. S. Chemical Works Svo, **j 50 

Eccles, R. G., and Duckwall, E. W. Food Preservatives Svo, paper, o 50 

Eck, J. Light, Radiation and Illumination. Trans, by Paul Hogner, 

Svo, 

Eddy, H. T. Maximum Stresses under Concentrated Loads Svo, 

Edelman, P. Inventions and Patents i2mo. (In Press.) 

Edgctmibe, K. Industrial Electrical Measuring Instruments Svo, 

Edler, R. Switches and Switchgear. Trans, by Ph. Laubach. ..8vo, 

Eissler, M. The Metallurgy of Gold Svo, 

The Hydrometallurgy of Copper Svo, 

The Metalliu*gy of Silver Svo, 

The Metalltu'gy of Argentiferous Lead Svo, 

A Handbook on Modem Explosives Svo, 

Ekin, T. C. Water Pipe and Sewage Discharge Diagrams folio, 

Eliot, C. W., and Storer, F. H. Compendious Manual of Qualitative 

Chemical Analysis i2mo, 

Ellis, C. Hydrogenation of Oils Svo. (In Press.) 

Ellis, G. Modem Technical Drawing Svo, 

Ennis, Wm. D. Linseed Oil and Other Seed Oils Svo, 

Applied Thermodynamics Svo, 

Flying Machines To-day i2mo, 

Vapors for Heat Engines i2mo, 

Erfurt, J. Dyeing of Paper Pulp. Trans, by J. Hubner Svo, 

Ermen, W. F. A. Materials Used in Sizing Svo, 

Evans, C. A. Macadamized Roads {In Press.) 

Ewing, A. J. Magnetic Induction in Iron Svo, 

Fairie, J. Notes on Lead Ores i2mo, 

Notes on Pottery Clays i2mo, 

Fairley, W., and Andre, Geo. J. Ventilation of Coal Mines. (Science 

Series No. 5S.) i6mo, 

Fairv^eather, W. C. Foreign and Colonial Patent Laws Svo, 

Fanning, J. T. Hydraulic and Water-supply Engineering . . . / Svo, 

Fauth, P. The Moon in Modem Astronomy. Trans, by J. McCabe. 

Svo, 
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Fay, I. W. The Coal-tar Colors 8vo, 

Fembach, R. L. Glue and Gelatine 8vo, 

Chemical Aspects of Silk Manufacture i2n)o, 

Fischer, £. The Preparation of Organic Compounds. Trans, by R. V. 

Stanford lamo, 

Fish, J. C. L. Lettering of Working Drawings Oblong 8vo, . 

Fisher, H. K. C, and Darby, W. C. Submarine Cable Testing Svo, 

Fleischmann, W. The Book of the Dairy. Trans, by C. M. Aikman. 

Svo, 4 oa 
Fleming, J. A. The Alternate-current Transformer. Two Volumes. Svo. 

Vol. I. The Induction of Electric Currents *5 00 

Vol. n. The Utilization of Induced Currents *5 00 

Fleming, J. A. Propagation of Electric Currents Svo, *3 00 

Centenary of the Electrical Current Svo, 

Electric Lamps and Electric Lighting Svo, 

Electrical Laboratory Notes and Forms 4to, 

A Handbook for the Electrical Laboratory and Testing Room.' Two 

Voltunes Svo, each, 

Fleilry, P. Preparation and Uses of White Zinc Paints '. .Svo, 

Fleury, H. The Calculus Without Limits or Infinitesimals. Trans, by 

C. O. Mailloux (In Press,) 

Flynn, P. J. Flow oi Water. (Science Series No. S4.) lamo, 

Hydraulic Tables. (Science Series No. 66.) i6mo, 

Foley, N. British and American Customary and Metric Measures . . folio, 
Forgie, J. Shield Tunneling Svo. (In Press.) 

Foster, H. A. Electrical Engineers' Pocket-book. (Seventh Edition.) 

lamo, leather, 

Engineering Valuation of Public Utilities and Factories Svo, 

Handbook of Electrical Cost Data Svo (In Press.) 

Foster, Gen. J. G. Submarine Blasting in Boston (Mass.) Harbor 4to, 

Fowle, F. F. Overhead Transmission Line Crossings lamo, 

The Solution of Alternating Current Problems Svo (In Press.) 

Fox, W. G. Transition Curves. (Science Series No. no.) i6mo, o 5> 

Fox, W., and Thomas, C. W. Practical Course in Mechanical Draw- 
ing lamo, I 25 

Foye, J. C. Chemical Problems. (Science Series No. 69.) i6mO| o 50 

Handbook of Mineralogy. (Science Series No. 86.) z6mo, o 50 

Francis, J. B. Lowell Hydraulic Experiments .4to, 15 00 

Franzen, H. Exercises in Gas Analysis ximo, *z 00 

Freudemacher, P. W. Electrical Mining Installations. (Installation 

Manuals Series.) zamo, *z 00 

Frith, J. Alternating Current Design Svo, *2 03 

Fritsch, J. Manufacture of Chemical Manures. Trans, by D. Gnmt. 

Svo, *4 00 

FryOf A. I. Civil Engineers' Pocket-book lamo, leatiter, *5 00 

Fuller, 6. W. Investigations into the Purification of the Ohio River. 

4tOy *ZO 00 

Fumell, J. Paints, Colors, Oils, and Varnishes Svo. *z 00 

Gairdner, J. W. I. Earthwork Svo (In Press.) 
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Ganty L. W. Elements of Electric Traction 8vo, *2 50 

Garcia, A. J. R. V. Spanish-English Railway Terms 8vo, ^4 50 

Garforthy W. E. Rules for Recovering Coal Mines after Explosions and 

Fires iimo, leather, i 50 

Gaudard, J. Foundations. (Science Series No. 34.) i6mO| 050 

Gear, H. B., and Williams, P. F. Electric Central Station Distribution 

Systems 8vo, *3 00 

Geerligs, H. C. P. Cane Sugar and Its Manufacture Svo, *S 00 

World's Cane Sugar Industry Svo, *5 00 

Geikie, J. Structural and Field Geology 8vo, *4 00 

Mountains. Their Growth, Origin and Decay Svo, *4 00 

The Antiquity of Man in Europe Svo. (In Press.) 

Gerber,N. Analysis of Milk, Condensed Milk, and Infants' Milk-Food. Svo, i 25 
Gerhard, W. P. Sanitation, Watersupply and Sewage Disposal of Country 

Houses ' i2mo, *2 00 

Gas Lighting (Science Series No. in.) i6mo, o so 

: Household Wastes. (Science Series No. 97.) i6mo, o so 

House Drainage. (Science Series No. 63.) i6mo, o 50 

Gerhard, W« P* Sanitary Drainage of Buildings. (Science Series No. 93.) 

i6mo, o 50 

Gerhardi, C. W. H. Electricity Meters Svo, *4 00 

Geschwind, L. Manufacture of Alum and Sulphates. Trans, by C. 

Salter Svo, *5 00 

Gibbs, W. E, Lighting by Acetylene i2mo, *z 50 

PhjTsics of Solids and Fluids. (Carnegie Technical School's Text- 
books.) *! so 

Gibson, A. H. Hydraulics and Its Application Svo, *$ 00 

Water Hammer in Hydraulic Pipe Lines i2mo, *2 00 

Gilbveth, F. B. Motion Study i2mo, *2 00 

Primer of Scientific Management i2mo, *i 00 

Gillmore, Gen. Q. A. Limes, Hydraulic Cements acd Mortars Svo, 4 00 

Roads, Streets, and Pavements i2mo, 2 00 

Golding, H. A. The Theta-Phi Diagram i2mo, *i 25 

Goldschmidt, R. Alternating Current Commutator Motor Svo, *3 00 

Goodchild, W. Precious Stones. (Westminster Series.) Svo, *2 00 

Goodeve,-T. M. Textbook on the Steam-engine 12 mo, 2 00 

Gore, G. Electrolytic Separation of Metals Svo, *3 so 

Gould, E. S. Arithmetic of the Steam-engine I2m3, i 00 

Calculus. (Science Series No. 112.) i6m3, o 50 

— High Masonry Dams. (Science Series No. 22.) i6mo, o 50 

Practical Hydrostatics and Hydrostatic Formulas. (Scie ice Series 

No. 117.) i6mo, o 50 

Gratacap, L. P. A Popular Guide to Minerals Svo, *3 00 

Gray, J. Electrical Influence Machines i2mo, 2 00 

Marine Boiler Design i2mD, *i 25 

Greenhill, G. Dynamics of Mechanical Flight Svo, ^2 50 

Greenwood, E. Classified Guide to Technical and Coomsrcial Books. S 70, *3 00 

Gregorius, R. Mineral Waxes. Trans, by C. Salter i2mo, *3 00 

Grifllths, A. B. A Treatise on Manures i2mo, 3 00 

~ Dental Metallurgy ^. ; Svo, *3 50 
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Gross, E. Hops 8vo, 

Grossman, J. Ammonia and Its Compounds lamo, 

Groth, L. A. Welding and Cutting Metals by Gases or Electricity. 
(Westminster Series) Svo, 

Grover, F. Modern Gas and Oil Engines 8vo, 

Gruner, A. Power-loom Weaving 8vo, 

Gilldner, Hugo. Internal Combustion Engines. Trans, by H. Diederichs. 
' 4to, 

Gunther, C. O. Integration lamo, 

Gurden, R. L. Traverse Tables folio, half morocco, 

Guy, A. £. Experiments on the Flexure of Beams Svo, 

Haeder, H. Handbook on the Steam-engine. Trans, by H. H. P. 

Powles lamo, 

Hainbach, R. Pottery Decoration. Trans, by C. Salter z2mo, 

Haenig, A. Emery and Emery Industry . . . .' ,-. Svo, 

Hale, W. J. Calculations of General Chemistry i2mo, 

Hall, C. H. Chemistry of Paints and Paint Vehicles Z2mo, 

Hall, G. L. Elementary Theory of Alternate Current Working Svo, 

Hall, R. H. Governors and Governing Mechanism zamo. 

Hall, W. S. Elements of the Differential and Integral Calculus Svo, 

— — Descriptive Geometry Svo volume and a 4to atlas, 

Haller, G. F., and Cunningham, E. T. The Tesla Coil Z2mo, 

Halsey, F. A. Slide Valve Gears. z2mo, 

The Use of the Slide Rule. (Science Series No. zz4.) z6mo, 

Worm and Spiral Gearing. (Science Series No. zz6.) z6mo, 

EUimilton, W. G. Useful Information for Railway Men z6mo, 

GUunmer, W. J. Radium and Other Radio-active Substances Svo, 

Hancock, H. Textbook of Mechanics and Hydrostatics . .Svo, 

Hardy, £. Elementary Principles of Graphic Statics z2mo, 

Harris, S. M. Practical Topographical Surveying {In Press.) 

Harrison, W. B. The Mechanics' Tool-book zamo. 

Hart, J. W. External Plumbing Work Svo, 

Hints to Plumbers on Joint Wiping Svo, 

Principles of Hot Water Supply Svo, 

Sanitary Plumbing and Drainage Svo, 

Haskins, C. H. The Galvanometer and Its Uses z6nio, 

Hatt, J. A. H. The Colorist square z2mo, 

Hausbrand, E. Drying by Means of Air and Steam. Trans, by A. C. 

Wright lamo, 

Evaporating, Condensing and Cooling Apparatus. Trans, by A. C. 

Wright Svo, *$ oo 

Hausner, A. Manufacture of Preserved Foods and Sweetmeats. Trans. 

by A. Morris and H. Robson Svo, 

Hawke, W. H. Premier Cipher Telegraphic Code 4to, 

z 00,000 Words Supplement to the Premier Code 4to, 
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Hawkesworth, J. Graphical Handbook for Reinforced Concrete Design. 

4ta, 

Hay, A. Alternating Currents Svo, 

Electrical Distributing Networks and Distrijutiag Lines Svo, 

' Continuous Current Engineering 8¥0t *a 99 
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Hayes, H. Y. Public Utilities, Their Cost New and Depreciation. . .8yo, *2 00 

Heap, Major D. P. Electrical Appliances 8yO| 2 00 

Heather, H. J. S. Electrical Engineering 8yo, *3 50 

Heaviside, O. Electromagnetic Theory. Vols. I and n 8vo, each, *$ 00 

Vol. in 8vo, ♦r 50 

Heck, R. C. H. The Steam Engine and Turbine 8yo, *5 00 

Steam-Engine and Other Steam Motors. Two Volumes. 

Vol. I. Thermodynamics and the Mechanics 8vo, *3 50 

Vol. II. Form, Construction, and Working 8vo, *$ 00 

Notes on Elementary Kinematics 8vo, boards, *i 00 

Graphics of Machine Forced 8vo, boards, *i 00 

Hedges, K. Modem Lightning Conductors 8vo, 3 00 

Heermann, P. Dyers' Materials. Trans, by A. C. Wright i2mo, *2 50 

Hellot, Macquer and D' Apligny. Art of Dyeing Wool, Silk and Cotton. 8vo, *2 00 

Henrici, O. Skeleton Structures 8vo, i 50 

Hering, D. W. Essentials of Physics for College Students 8vo, *i 75 

Hering-Shaw, A. Domestic Sanitation and Plumbing. Two Vols.. .8vo, *5 00 

Hering-Shaw, A. Elementary Science 8vo, *2 00 

Herrmann, G. The Graphical Statics of Mechanism. Trans, by A. P. 

Smith i2mo, 2 00 

Herzfeld, J. Testing of Yarns and Textile Fabrics 8vo, *3 50 

Hildebrandt, A. Airships, Past and Present Svo, *3 50 

Hildenbrand, 6. W. Cable-Making. (Science Series No. 32.) i6mo, o 50 

Hilditch, T. P.. A Concise History of Chemistry i2mo, ^i 25 

Hill, J. W. The Purification of Public Water Supplies. New Edition. 

(/« Press.) 
Interpretation of Water Analysis {in Press.) 

Hill, M. J. M. The Theory of Proportion Svo, *a 50 

Hiroi, I. Plate Girder Construction. (Science Series No. 95.)...i6mo, o 50 

Statically-Indeterminate Stresses lamo, *2 00 

Hirshfeld, C. F. Engineering Thermodynamics. (Science Series No. 45.) 

x6mo, o 50 

Hobart, H. M. Heavy Electrical Engineering 8vo, "^^ 50 

Design of Static Transformers i2mo, *2 00 

Electricity Svo, *2 00 

Electric Trains Svo, *2 50 

Hobart, H. M. Electric Propulsion of Ships Svo, *2 00 

Hobart, J. F. Hard Soldering, Soft Soldering and Brazing i2mo, '''i oo 

Hobbs, W. R. P. The Arithmetic of Electrical Measurements. .. .i2mo, o 50 

Hoff, J. N. Paint and Varnish Facts and Formulas i2mo, *i 50 

Hole, W. The Distribution of Gas Svo, *^ 50 

Holley, A. L. Railway Practice folio, 12 oo 

Holmes, A. B. The Electric Light Popularly Explained. ..i2mo, paper, o 50 

Hopkins, N. M. Experimental Electrochemistry Svo, ^3 00 

Model Engines and Small Boats i2mo, x 25 

Hopkinson, J., Shoolbred, J. N., and Day, R. E. Dynamic Electricity. 

(Science Series No. 71.) i6mo, o 50 

Homer, J. Metal Turning i2mo, i 50 

Modem Ironfounding i2mo, *2 50 

Plating and Boiler Making Svo, 3 00 

Houghton, C. E. The Elements of Mechanics of Materials xzmo, *2 00 
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Houllevigue, L. The Evolution of the Sciences 8vo, *2 oo 

Houstoun, R. A. Studies in Light Production i2mo, a oo 

Howe, G. Mathematics for the Practical Man lamo, ^x 25 

Howorth, J. Repairing and Riveting Glass, China and Earthenware. 

8vo, paper, *o 50 

Hubbard, E. The Utilization of Wood- waste 8vo, *a 50 

Hiibner, J. Bleaching and Dyeing of Vegetable and Fibrous Materials. 

(Outlines of Industrial Chemistry.) Svo, *5 00 

Hudson, 0. F. Iron and Steel. (Outlines of Industrial Chemistry.). Svo, *2 oo 

Humper, W. Calculation of Strains in Girders lamo, 2 50 

Humphreys, A. C. The Business Features of Engineering Practice.. Svo, *x 25 

Hunter, A. Bridge Work Svo. {In Press.) 

Hurst, G. H. Handbook of the Theory of Color Svo, *2 50 

Dictionary of Chemicals and Raw Products Svo, *3 00 

Lubricating Gils, Fats and Greases Svo, *4 00 

Soaps Svo, *5 00 

Hurst, G. H., and Simmons, W. H. Textile Soaps and Oils Svo, *2 z'^ 

Hurst, H. E., and Lattey, R. T. Text-book of Physics Svo, *3 00 

Also published in three parts. 

Part I. Dynamics and Heat *x 23 

Part II. Sound and Light *i 25 

Part ni. Magnetism and Electricity *i 50 

nut::hinson, R. W., Jr. Long Distance Electric Power Transmission. 

* zamo, *3 oc 
Hutchinson, R. W., Jr., and Thomas, W. A. Electricity in Mining. i2mo, 

(In Presa,) 

Hutchinson, W. B. Patents and How to Make Money Out of Them. 

Z21D0, I 35 

Hutton, W. S. Steam-boiler Construction Svo, 6 00 

Practical Engineer's Handbook Svo, 7 00 

The Works* Manager's Handbook Svo, 6 00 

Hyde, E. W. Skew Arches. (Science Series No. 15.) i6nio, o 50 

Hyde, F. S. Solvents, Oils, Gums, Waxes Svo, *2 00 

Induction Coils. (Science Series No. 53.) i6nio, o 50 

Ingham, A. E. Gearing. A practical treatise {In Press.) 

Ingle, H. Manual of Agricultural Chemistry 8?o, *3 00 

Inness, C. H. Problems in Machine Design lamo, *a 00 

Air Compressors and Blowing Engines lamo, *a 00 

Centrifugal Pumps lamo, •a 00 

The Fan i2mo, *a 00 

Isherwood, B. F. Engineering Precedents for Steam Machinery . . .Svo, 2 50 

Ivatts, E. B. Railway Management at Stations Svo, *a 50 

Jacob, A., and Gould, E. S. On the Designing and Construction of 

Storage Reservoirs. (Science Series No. 6) i6mo, o 50 

Jannettaz, E. Guide to the Determination of Rocks. Trans, by G. W. 

Plympton zamo, x 50 

Jehl, F. Manufacture of Carbons Svo, *4 00 

Jennings, A. S. Commercial Paints and Painting. (Westminster Series.) 

Svo, *2 00 
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Jennison, F. H. The Manufacture of Lake Pigments 8vo, *3 00 

Jepson, G. Cams and the Principles of their Construction 8vo, '^i 50 

Mechanical Drawing 8vo (In Preparation.) 

Jockin, W. Arithmetic of the Gold and Silversmith i2mo, *i 00 

Johnson, J. H. Arc Lamps and Accessory Apparatus. (Installation 

Manuals Series.) i2mo, *o 75 

Johnson, T. M. Ship Wiring and Fitting. (Installation Manuals Series.) 

i2mo, *o 75 

Johnson, W. H. The Cultivation and Preparation of Para Rubber . . 8vo, *3 00 

Johnson, W. McA. The Metallurgy of Nickel {In Preparation.) 

Johnston, J. F. W., and Cameron, C. Elements of Agricultural Chemistry 

and Geology iimo, 2 60 

Joly, J. Radioactivity and Geology i2mo, *3 00 

Jones, H. C. Electrical Nature of Matter and Radioactivity i2mo, •*2 00 

New Era in Chemistry i2mo, *2 00 

Jones, M. W. Testing Raw Materials Used in Paint i2mo, *2 00 

Jones, L., and Scard, F. I. Manufacture of Cane Sugar 8vo, *5 00 

Jordan, L. C. Practical Railway Spiral i2mo, leather, *i 50 

Joynson, F. H. Designing and Construction of Machine Gearing . . 8vo, 2 00 

Jiiptner, H. F. V. Siderology : The Science of Iron 8vo, *5 00 

Kansas City Bridge 4to, 6 00 

Kapp, G. Alternate Current Machinery. (Science Series No. 96.). i6mo, o 50 

Keim, A. W. Prevention of Dampness in Buildings 8vo, *2 00 

Keller, S. S. Mathematics for Engineering Students. i2mo, half leather. 

Algebra and Trigonometry, with a Chapter on Vectors *i 75 

Special Algebra Edition *i . 00 

Plane and Solid Geometry *i . 25 

Analytical Geometry and Calculus *2 00 

Kelsey, W. R. Continuous-current Dynamos and Motors 8vo, *2 50 

Kemble, W. T., and Underbill, C. R. The Periodic Law and the Hydrogen 

Spectrum 8vo, paper, *o 50 

Kemp, J. F. Handbook of Rocks 8vo, *i 50 

Kendall, E. Twelve Figure Cipher Code 4to, *i2 50 

Kennedy, A. B. W., and Thurston, R. H. Kinematics of Machinery. 

(Science Series No. 54.) i6mo, o 50 

Kennedy, A. B. W., Unwin, W. C, and Idell, F. E. Compressed Air. 

(Science Series No. 106.) i6mo, 

Kennedy, R. Modern Engines and Power Generators. Six Volumes. 4to, 

Single Volumes each, 

Electrical Installations. Five Volumes 4to, 

Single Volumes each, 

Flying Machines; Practice and Design i2mo, 

Principles of Aeroplane Construction 8vo, 

Kennelly, A. E. Electro-dynamic Machinery 8vo, 

Kent, W. Strength of Materials. (Science Series No. 41.) i6mo, 

Kershaw, J. B. C. Fuel, Water and Gas Analysis 8vo, 

Electrometalliu-gy. (Westminster Series.) 8vo, 

The Electric Furnace in Iron and Steel Production i2mo, 

Electro-Thermal Methods of Iron and Steel Production Svo, 
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Kinzbrunner, C. Alternate Current Windings 8vo, *i 50 

Continuous Current Armatures , 8vo, *i 50 

Testing of Alternating Current Machines 8vo, *a 00 

Kirkaldy, W. 6. David Kirkaldy's System of Mechanical Testing. .4tOy 10 00 

Kirkbride, J. Engraving for Illustration Svo, *i 50 

Kirkwood, J. P. Filtration of River Waters |to, 7 50 

Kirschke, A. Gas and Oil Engines i2mo, *i 25 

Klein, J. F. Design of a High-speed Steam-engine 8vo, *5 00 

Physical Significance of Entropy Svo, *i 50 

Kleinhans, F. B. Boiler Construction Svo, 3 00 

Knight, R.-Adm. A. M. Modem Seamanship Svo, *7 50 

Half morocco *9 00 

Knox, J. Physico-Chemical Calculations i2mo, *x 00 

Fixation of Atmospheric Nitrogen. (Chemical Monographs, 

No. 4.) i2mo. (In Press.) 

Knox, W. F. Logarithm Tables (In Preparation.) 

Knott, C. G., and Mackay, J. S. Practical Mathematics Svo, 2 00 

Koester, F. Steam-Electric Power Plants 4to, *5 00 

Hydroelectric Developments and Engineering 4to, *5 00 

Eoller, T. The Utilization of Waste Products Svo, *3 50 

Cosmetics Svo, *2 50 

Kremann, R. Application of the Physico-Chemical Theory to Tech- 
nical Processes and Manufacturing Methods. Trans, by H. 

E. Potts Svo, *3 00 

Kretchmar, K. Yam and Warp Sizing Svo, ^4 OD 

Lallier, E. Y. Elementary Manual of the Steam Engine i2mo, *2 00 

Lambert, T. Lead and Its Compoimds Svo, *3 50 

Bone Products and Manures Svo, *3 00 

Lambom, L. L. Cottonseed Products Svo, *3 00 

Modem Soaps, Candles, and Glycerin : . . .Svo, *7 50 

Lamprecht,R. Recovery Work After Pit Fires. Trans, by C. Salter . Svo, *4 00 
Lancaster, M. Electric Heating, Cooking, Cleaning. .i2mo. (In Press.) 

Lanchester, F. W. Aerial Flight. Two Volumes. Svo. 

Vol. I. Aerodjmamics ^6 00 

Aerial Flight. Vol. H. Aerodonetics •^a 00 

Lamer, E. T. Principles of Alternating Currents i2nio. *z 25 

Larrabee, C. S. Cipher and Secret Letter and Telegraphic Code. i6nio, o 60 

La Rue, B. F. Swing Bridges. (Science Series No. 107.) i6mo, o 50 

Lassar-Cohn. Dr. Modem Scientific Chemistry. Trans, by M. M. 

Pattison Muir i2mo, *2 00 

Latimer, L. H., Field, C. J., and Howell, J. W. Incandescent Electric 

Lighting. (Science Series No. 57.) i6mo, o 50 

Latta, M. N. Handbook of American Gas-Engineering Practice . . .Svo, *4 50 

American Producer Gas Practice 4to, ^6 00 

Lawson, W. R. British Railways. A Financial and Comntercial 

Survey Svo, a 00 

Leask, A. R. Breakdowns at Sea 121110, 2 00 

Refrigerating Machinery i2mo» .2 00 

Lecky, S. T. S. " Wrinkles " in Practical Navigation Svo, *« o» 
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Le Doux, M. Ice-Making Machines. (Science Series No. 46.) . . i6mo, 50 

Leeds, C. C. Mechanical Drawing for Trade Schools oblong 4to, 

High School Edition *! 25 

Machinery Trades Edition *2 .00 

Lef^vre, L. Architectural Pottery. Trans, by H. K. Bird and W. M. 

Binns 4to, *7 50 

Lehner, S. Ink Manufacture. Trans, by A. Morris and H. Robson . 8vo, *2 50 

Lemstrom, S. Electricity in Agriculture and Horticulture Svo, *i 53 

Letts, E. A. Fundamental Problems in Chemistry 8vo, *2 cd 

Le Van, W. 6. Steam-Engine Indicator. (Science Series No. 78.)i6mo, o 50 

Lewes, V. B. Liquid and Gaseous Fuels. (Westminster Series.) . .8vo, *2 00 

Carbonization of Coal Svo, *3 00 

Lewis, L. P. Railway Signal Engineering .Svo, *3 50 

Lieber, B. F. Lieber's Standard Telegraphic Code Svo, *io 00 

Code. German Edition Svo, *io ©o 

Spanish Edition Svo, *io 00 

French Edition Svo, *io 00 

Terminal Index Svo, *2 50 

Lieber's Appendix folio, *i5 00 

Handy Tables 4to, *2 50 

Bankers and Stockbrokers' Code and Merchants and Shippers' 

Blank Tables Svo, *i5 oa 

100,000,000 Combination Code Svo, •10 00 

Engineering Code Svo, •la 50 

Livermore, V. P., and Williams, J. How to Become a Competent Motor- 
man i2mo, *i 00 

Liversedge, A. J. Commercial Engineering Svo, *3 00 

Livingstone, R. Design and Construction of Commutators Svo, *2 2$ 

Mechanical Design and Construction of Generators. Svo. (/n Press,) 

Lobben, P. Machinists' and Draftsmen's Handbook Svo, 2 50 

Lockwood, T. D. Electricity, Magnetism, and Electro-telegraph. . . .Svo, a 53 

LDckwood, T. D. Electrical Measurement and the Galvanometer. 

lamo, o 75 

Lodge, O. J. Elementary Mechanics i2mo, i 50 

Signalling Across Space without Wires Svo, *2 00 

Loewenstein, L. C, and Crissey, C. P. Centrifugal Pumps *4 50 

Lord, R. T. Decorative and Fancy Fabrics Svo, *3 50 

Loring, A. E. A Handbook of the Electromagnetic Telegraph i6mo o 50 

Handbook. (Science Series No. 39.) i6mo, o 50 

Low, D. A. Applied Mechanics (Elementary) i6mo, o So 

Lriibschez, B. J. Perspective i2mo, *i 50 

Lucke, C. E. Gas Engine Design Svo, *3 00 

Power Plants: Design, Efficiency, and Power Costs, a vols. 

(In Preparation.) 

Lunge, G. Coal-tar and Ammonia. Two Volumes Svo, •is od 

Manufacture of Sulphuric Acid and Alkali. Four Volumes Svo, 

Vol. I. Sulphuric Acid. In three parts *i8 00 

Vol. n. Salt Cake, Hydrochloric Acid and Leblanc Soda. In two 

parts *i5.oo: 
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Lunge, G. Manufacture of Sulphuric Acid and Alkali. 

Vol. in. Ammonia Soda ♦lo on 

Vol. IV. Electrolytic Methods (In Press,) 

Technical Chemists' Handbook Z2mo, leather, *3 50 

Technical Methods of Chemical Analysis. Trans, by C. A. Eeane 

in collaboration with the corps of specialists. 

Vol. I. In two parts 8vo, ♦is od 

Vol. n. In two parts 870, ♦iS oo 

Vol. in (In Preparation.) 

Lupton, A., Parr, G. D. A., and Perkln, H. Electricity as Applied to 

Mining 870, *4 50 

Luquer, L. M. Minerals in Rock Sections 8vo, *i 53 

Macewen, H. A. Food Inspection 870, *2 50 

Mackenzie, N. F. Notes on Irrigation Works 870, *2 50 

Mackie, J. How to Make a Woolen Mill Pay 870, *2 od 

Mackrow, C. Naval Architect's and Shipbuilder's Pocket-book. 

i6mo, leather, 5 00 

Maguire, Wm. R. Domestic Sanitary Drainage and Plumbing . . . .870, 4 00 
Mallet, A. Compound Engines. Trans, by R. R. Buel. (Ssience Series 

No. 10.) z6mo, 

Mansfield, A. N. Electro-magnets. (Science Series No. 64.) .. iSmo, 050 

Marks, E. C. R. Construction of Cranes and Llftin3; Machinery . 12110, *z 50 

Construction and Working of Pumps i2ino, *i 50 

Manufacture of Iron and Steel Tubes i2ino, ^2 00 

Mechanical Engineering Materials i2mo, •! 00 

Marks, G. C. Hydraulic Power Engineerin;; 870, 3 50 

- — Inventions, Patents and Designs i2ino, •! 00 

Marlow, T. G. Drying Machinery and Practice 870, *5 oo 

Marsh, C. F. Concise Treatise on Reinforced Concrete 870, *2 50 

Remforced Concrete Compression Member Diagram. Mounted on 

Cloth Boards *i .50 

Marsh, C. F., and Dunn, W. Manual of R3lnforced Concrete and Con- 
crete Block Construction i6mo, morocco, *2 50 

Marshall, W. J., and Sankey, H. R. Gas Engines. (Westminster Series.) 

870, *2 00 

Martin, G. Triumphs and Wonders of Modem Chemistry 870, *2 00 

Martin, N. Properties and Design of Reinforced Concrete z2mo, *2 50 

Massie, W. W., and Underbill, C. R. Wireless Telegraphy and Telephony. 

z2mo, *z 00 
Matheson, D. Australian Saw-Miller's Log and Timber Ready Reckoner. 

i2mo, leatiier, i 50 

Mathot, R. E. Internal Combustion Engines 870, *6 00 

Maurice, W. Electric Blasting Apparatus and Explosi7es 870, *3 50 

Shot Firer's Guide 870, *! 50 

Maxwell, J. C. Matter and Motion. (Science Series No. 36.). 

zfimoy o 50 
Maxwell, W. H., and Brown, J. T. Encyclopedia of Muncipal and Sani- 
tary Engineering 4to» •lo 00 

Mayer, A. M. Lecture Notes on Physics Svo, 2 00 

JilcCullough, R. S. Mechanical Theory of Heat 870, 3 50 
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liclntosli, J. G. Technology of Sugar 8vo, *4 50 

Industrial Alcohol 8vo, *3 00 

Manufacture of Varnishes and Kindred Industries. Three Volumes. 

8vo. 

Vol. I. Oil Crushing, Refining and Boiling *3 50 

Vol. n. Varnish Materials and Oil Varnish Making *4 00 

Vol. in. Spirit Varnishes and Materials *4 50 

McKnight, J. D., and Brown, A. W. Marine Multitubular Boilers '*'i 53 

McMaster, J. B. Bridge and Tunnel Centres. (Science Series No. 20.) 

i6mo, 

McMechen, F. L. Tests for Ores, Minerals and Metals i2mo, 

McPherson, J. A. Water-works Distribution Svo, 

Melick, C. W. Dairy Laboratory Guide i2mo, 

Merck, E. Chemical Reagents; Their Purity and Tests. Trans, by 

H. E. Schenck Svo, 

Merivale, J. H. Notes and Formulae for Mining Students i2mo, 

Merritt, Wm. H. Field Testing for Gold and Silver i6mo, leather, 

Messer, W. A. Railway Permanent Way Svo {In Press.) 

Meyer, J. G. A., and Pecker, C. G. Mechanical Drawing and Machine 

Design 4to, 

Michell, S. Mine Drainage Svo, 

Mierzinski, S. Waterproofing of Fabrics. Trans, by. A. Morris and H. 

Robson Svo, 

Miller, G. A. Determinants. (Science Series No 105.) i6mo, 

Milroy, M. E. W. Home Lace-making i2mo, 

Minifie, W. Mechanical Drawing Svo, 

Mitchell, C. A. Mineral and Aerated Waters Svo, 

Mitchell, C. A., and Prideaux, R. M. Fibres Used in Textile and Allied 

Industries Svo, *3 co 

Mitchell, C. F., and G. A. Building Construction and Drawing. i2mo. 

Elementary Course *i 50 

Advanced Course *2 50 

Monckton, C. C. F. Radiotelegraphy. (Westminster Series.) Svo, *2 00 

Monteverde, R. D. Vest Pocket Glossary of English-Spanish, Spanish- 
English Technical Terms 64mo, leather, *i 00 

Montgomery, J. H. Electric Wiring Specifications (In Press.) 

Moore, E. C. ?. New Tables for the Complete Solution of Gansuillst and 

Kutt ;r's Formula Svo, *5 00 

Morecroft, J. H., and Hehre, F. W. Short Course in Electrical Testing. 

Svo, 
Moreing, C. A., and Neal, T. New Geueral and Mining Telegraph Code. 

Svo, 

Morgan, A. P. Wireless Telegraph Apparatus for Amateurs i2mo, 

Moses, A. J. The Characters of Crystals Svo, 

and Parsons, C. L. Elements of Mineralogy Svo, 

Moss, S.A. Elements of Gas Engine Design. (Science Series No.i2i.)i6mo, 

The Lay-out of Corliss Valve Gears. (Science Series No. 1 19.) i6mo, 

Mulford, A. C. Boimdaries and Landmarks i2mo, 

Mullin, J. P. Modem Moulding and Pattern-making i2mo, 
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Munby, A. £. Chemistry and Physics of Building Materials. (West- 
minster Series.) Svo, *2 oc 

Mtirphy, J. G. .Practical Mining i6mo, z oc- 

Murphy, W. S. Textile Industries. Eight Volumes *2o oo 

Sold separately, each, *3 oo 

Murray, J. A. Soils and Manures. (Westminster Series.) 8vo, *2 oc 

Naquet, A. Legal Chemistry i2mo, 2 00 

Nasmith, J. The Student's Cotton Spinning 8vo, 3 00 

Recent Cotton Mill Construction i2mo, 2 00 

Neave, G. B., and Heilbron, I. M. Identification of Organic Compounds. 

i2mo, *i 25 

Neilson, R. M. Aeroplane Patents 8vo, *2 00 

Nerz, F. Searchlights. Trans, by C. Rodgers Svo, *3 00 

Neuberger, H., and Noalhat, H. Technology of Petroleum. Trans, by 

J. G. Mcintosh Svo, *io 00 

Newall, J. W. Drawing, Sizing and Cutting Bevel-gears Svo, i 50- 

Nicol, G. Ship Construction and Calculations Svo, *4 5c 

Nipher, F. £. Theory of Magnetic Measurements i2mo, i 00 

Nisbet, H. Grammar of Textile Design Svo, *3 00 

Nolan, H. The Telescope. (Science Series No. 51.) i6mo, o 50 

Noll, A. How to Wire Buildings i2mo, i 50 

North, H. B. Laboratory Experiments in General Chemistry i2mo, *x 00 

Nugen*:, E. Treatise on Optics i2mo, i 50 

O'Connor, H. The Gas Engineer's Pocketbook i2mo, leather, 3 50 

Petrol Air Gas i2mo, *o 75: 

Ohm, G. S., and Lockwood, T. D. Galvanic Circuit. Translated by 

William Francis. (Science Series No. 102.) i6mo, o 5(h 

Olsen, J. C. Text-book of Quantitative Chemical Analysis Svo, *4 00 

Olsson, A. Motor Control, in Turret Turning and Gun Elevating. (U. S. 

Navy Electrical Series, No. i.) i2mo, paper, *o 50 

Ormsby, M. T. M. Surve3dng i2mo, i 50 

Oudin, M. A. Standard Polyphase Apparatus and Systems Svo, *3 oo- 

Owen, D. Recent Physical Research Svo, *i 50 

Pakes, W. C. C, and Nankivell, A. T. The Science of Hygiene . .Svo, *z 75 

Palaz, A. Industrial Photometry. Trans, by G. W. Patterson, Jr . . Svo, *4 00 

Pamely, C. Colliery Manager's Handbook Svo, *io 00 

Parker, P. A. M. The Control of Water Svo, *5 00 

Parr, G. D. A Electrical Engineering Measuring Instruments Svo, *s 50 

Parry, E. J. Chemistry of Essential Oils and Artificial Perfumes. . . Svo, *5 00 

Foods and Drugs. Two Volumes Svo, 

Vol. I. Chemical and Microscopical Analysis of Foods and Drugs. *7 SO- 

Vol. II. Sale of Food and Drugs Act *3 00 

and Coste, J. H. Chemistry of Pigments Svo, *4 50 

Parry, L. A. Risk and Dangers of Various Occupations Svo, *3 00 

Parshall, H. F., and Hobart, H. M. Armature Windings .4to, *7 50 

Electric Railway Engineering 4to, ♦lo oo 

and Parry, E. Electrical Equipment of Tramways. . (/« Press.) 
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Parsons, S. J. Malleable Cast Iron 8vo, 

Partingtoiii J« R« Higher Mathematics for Chemical Students. .Z2mo, 
Textbook of Thermodynamics 8vo, 

Passmore, A. C. Technical Terms Used in Architecture 8vo, 

Patchell, W. H. Electric Power in Mines Svo, 

Paterson, G. W. L. Wiring Calculations z2mo, 

Patterson, D. The Color Printing of Carpet Yams 8vo, 

Color Matching on Textiles 8vo, 

The Science of Color Mixing 8vo, 

Paulding, C. P. Condensation of Steam in Covered and Bare Pipes . . 8vo, 

Transmission of Heat through Cold-storage Insulation 12 mo, 

Payne, D. W. Iron Founders* Handbook (In Press.) 

Peddie, R. A. Engineering and Metallurgical Books i2mo^ 

Peirce, B. System of Analytic Mechanics 4to, 

Pendred, V. The Railway Locomotive. (Westminster Series^ 8vo, 

Perkin, F. M. Practical Methods of Inorganic Chemistry i2mo, 

Perrigo, 0. E. Change Gear Devices 8vo, 

Perrine, F. A. C. Conductors for Electrical Distribution 8vo, 

Perry, J. Applied Mechanics 8vo, 

Petit, G. White Lead and Zinc White Paints 8vo, 

Petit, R. How to Build «n Aeroplane. Trans, by T. O'B. Hubbard, and 

J. H. Ledeboer 8vo, 

Peitit, Lieut. J. S. Graphic Processes. (Science Series No. 76.) . . . i6mo, 
Philbrick, P. H. Beams and Girders. (Science *Series No. 88.) . . . i6mo, 

Phillips, J. Engineering Chemistry 8vo, 

Gold Assaying 8vo, 

Dangerous Goods 8vo, 

Phin, J. Seven Follies of Science i2mo, 

Pickworth, C. N. The Indicator Handbook. Two Volumes . . i2mo, each, 

Logarithms for Beginners i2mo. boards, 

The Slide Rule i2mo, 

Plattner's Manual of Blow-pipe Analysis. Eighth Edition, revised. Trans. 

by H B. Cornwall 8vo, 

Plympton, G. W. The Aneroid Barometer. (Science Seriss No. 35.) 16 mo, 

How to become an Engineer, (Science Series No. 100.) 16 mo, 

Van Nostrand's Table Book. (Science Series No. 104.) i6mo, 

Pochet, M. L. Steam Injectors. Translated from the French. (Science 

Series No. 29.) i6mo. 

Pocket Logarithms to Four Places. (Science Series No. 65.). . . i6mo, 

leather, 

Polleyn, F. Dressings and Finishings for Textile Fabrics 8vo, 

Pope, F, G. Organic Chemistry i2mo, 

Pope, F. L. Modern Practice of the Electric Telegraph 8vo, 

Popplewell, W. C. Elementary Treatise on Heat and Heat Engines. . i2mo, 

— ^- Prevention of Smoke 8vo, 

Strength of Materials 8vo, 

Porritt, B. D. The Chemistry of Rubber. (Chemical Monographs, 

No. 3.) lamo. 

Porter, J. R. Helicopter Flying Machine , i2mo, 

Potter, T. Concre.e 8vo, 
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Potts, H. E. Chemistry of the Rubber Industry. (Outlines of Indus- 
trial Chemistry) 8vo, *2 oo 

Practical Compounding of Oils, Tallow and Grease 8vo, *3 50 

Practical Iron Founding i2mo, 1 50 

Pratt, K. Boiler Draught i2mo, *i 35 

Pray, T., Jr. Twenty Years with the Indicator 8vo, 2 50 

Steam Tables and Engine Constant Svo, 2 00 

Preece, W. H. Electric Lamps (In Press.) 

Prelini, C. Earth and Rock Excavation Svo, *3 00 

Graphical Determination of Earth Slopes Svo, *2 00 

Tunneling. New Edition Svo, *3 00 

Dredging. A Practical Treatise Svo, *3 00 

Prescott, A. B. Organic Analysis Svo, 5 00 

Prescott, A. B., and Johnson, 0. C. Qualitative Chemical Analysis. . .Svo, *3 50 
Prescott, A. B., and Sullivan, E. C. First Book in Qualitative Chemistry. 

i2mo, *i 50 

Prideauz, E. B. R. Problems in Physical Chemistry Svo, *2 00 

Pritchard, O. G. The Manufacture of Electric-light Carbons . . Svo, paper, *o 60 
Pullen, W. W. F. Application of Graphic Methods to the Design of 

Structures i2mo, *2 50 

Injectors: Theory, Construction and Working Z2mo, *i 50 

Pulsifer, W. H. Notes for a History of Lead Svo, 4 00 

I'urchase, W. R. Masonry i2mo, *3 00 

Putsch, A. Gas and Coal-dust Firing Svo, *3 00 

Pynchon, T. R. Introduction to Chemical Physics Svo, 3 00 

Rafter G. W. Mechanics of Ventilation. (Science Series No. 33.) . i6mo, o 50 

Potable Water. (Science Series No. 103.) i6mo, o 50 

Treatment of Septic Sewage. (Science Series No. 118.). ..z6mo, o 50 

Rafter, G. W., and Baker, M. N. Sewage Disposal in the United States. 

4to, *6 00 

Raikes, H. P. Sewage Disposal Works Svo, *4 00 

Randall, P. M. Quartz Operator's Handbook Z2mo, 2 00 

Randau, P. Enamels and Enamelling Svo, *4 00 

Rankine, W. J. M. Applied Mechanics Svo, 5 oa 

Civil Engineering Svo, 6 50 

Machinery and Millwork Svo, ' 5 oa 

The Steam-engine and Other Prime Movers Svo, 5 oa 

Useful Rules and Tables Svo, 4 oa 

liLankine, W. J. M., and Bamber, E. F. A Mechanical Text-book. . . .Svo, 3 5a 
Raphael, F. C. Localization of Faults in Electric Light and Power Maim. 

Svo, *3 oa 

Rasch, E. Electric Arc Phenomena. Trans, by E. Tomberg Svo, *a 00 . 

Rathbone, R. L. B. Simple Jewellery Svo, *3 oa 

Rateau, A. Flow of Steam through Nozzles and Orifices. Trans, by H. 

B. Brydon Svo ♦x 50 

Rausenberger, F. The Theory of the Recoil of Guns Svo, *4 50 

Rautenstrauch, W. NotesontheElementsof Machine Design. Svo, boards, *z 50 
Rautenstrauch, W., and Williams, J. T. Machine Drafting and EmpiricAl 

Design. 
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Part I. Machine Drafting 8vo, 

Part n. Empirical Design (/?i Preparation.) 

Raymond, £. B. Alternating Current Engineering i2mo, 

Rayner, H. Silk Throwing and Waste Silk Spinning 8vo, 

Recipes for the Color, Paint, Varnish, Oil, Soap and Drysaltery Trades. 8vo, 

Recipes for Flint Glass Making i2mo, 

Redfem, J. 6., and Savin, J. Bells, Telephones (Installation Manuals 

Series.) i6mo, 

Redgrove, H. S. Experimental Mensuration i2mo, 

Redwood, B. Petroleum. (Science Series No. 92.) i6mo, 

Reed, S. Turbines Applied to Marine Propulsion ""S 00 

Reed's Engineers' Handbook Svo, 

Key to the Nineteenth Edition of Reed's Engineers* Handbook. .Svo, 

Useful Hints to Sea-going Engineers i2mo, 

Marine Boil»rs i2mo, 

— Guide to the Use of the Slide Valve i2mo, 

Reinhardt, C. W. Lettering for Draftsmen, Engineers, and Students. 

oblong 4to, boards, 

The Technic of Mechanical Drafting oblong 4to, boards, 

Reiser, F. Hardening and Tempering of SteeL Trans, by A. Morris and • 

H. Robson i2mo. 

Reiser, N. Faults in the Manufacture of Woolen Goods. Trans, by A. 

Morris and H. Robson Svo, 

Spinning and Weaving Calculations Svo, 

Renwick, W. G. Marble and Marble Working Svo, 

Reynolds, O., and Idell, F. E. Triple Expansion Engines. (Science 

Series No. 99.) i6mo, 

Rhead, G. F. Simple Structural Woodwork i2mo, 

Rhodes, H. J. Art of Lithography Svo, 

Rice, J. M., and Johnson, W. W. A New Method of Obtaining the Differ- 
ential of Functions i2mo, o 50 

Richards, W. A. Forging of Iron and Steel (In Press.) 

Richards, W. A., and North, H. B. Manual of Cement Testing i2mo, 

Richardson, J. The Modern Steam Engine Svo, 

Richardson, S. S. Magnetism and Electricity 12 mo, 

Rideal, S. Glue and Glue Testing Svo, 

Rimmer, E. J. Boiler Explosions, Collapses and Mishaps Svo, 

Rings, F. Concrete in Theory and Practice i2mo, 

Reinforced Concrete Bridges 4to, 

Ripper, W. Course of Instruction in Machine Drawing folio, 

Roberts, F. C. Figure of the Earth. (Science Series No. 79.) i6mo, 

Roberts, J., Jr. Laboratory Work in Electrical Engineering Svo, 

Robertson, L. S. Water-tube Boilers Svo, 

Robinson, J. B. Architectural Composition Svo, 

Robinson, S. W. Practical Treatise on the Teeth of Wheels. (Science 

Series No. 24.) i6mo, 

Railroad Economics. (Science Series No. 59.) i6mo, 

Wrought Iron Bridge Members. (Science Series No. 60.) i6mo, 

Robson, J. H. Machine Drawing and Sketching Svo, 

Roebling, J. A. Long and Short Span Railway Bridges folio, 
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Rogers, A. A Laboratory Guide of Industrial Chemistry i2mo, 

Rogers, A., and Aubert, A. B. Industrial Chemistry 8vo, 

Rogers, F. Magnetism of Iron Vessels. (Science Series No. 30.) . z6mo, 

Rohland, P. Colloidal and Crystalloidal State of Matter. Trans, by 

W. J. Britland and H. £. Potts i2mo, 

Rollins, W. Notes on X-Light 8vo, 

Rollinson, C. Alphabets Oblong, i2mo, 

Rose, J. The Pattern-makers' Assistant 8vo, 

Key to Engines and Engine-nmning i2mo, 

Rose, T. K, The Precious Metals. (Westminster Series.) Svo, 

Rosenhain, W. Glass Manufacture. (Westminster Series.) Svo, 

Ross, W. A. Blowpipe in Chemistry and Metallurgy z2mo. 

Roth. Physical Chemistry Svo, 

Rouillion, L. The Economics of Manual Training Svo, 

Rowan, F. J. Practical Physics of the Modern Steam-boiler Svo, 

and Idell, F. £. Boiler Incrustation and Corrosion. (Science 

Series No. 27.) i6mo, 

Roxbtirgh, W. General Foundry Practice Svo, 

Ruhmer, E. Wireless Telephony. Trans, by J. Erskine-Murray. .Svo, 
Russell, A. Theory of Electric Cables and Networks Svo, 

Sabine, R. History and Progress of the Electric Telegraph i2mo, 

Saeltzer, A. Treatise on Acoustics i2mo, 

Sanford, P. G. Nitro-explosives Svo, 

Saunders, C. H. Handbook of Practical Mechanics z6mo, 

leather, 

Saunnier, C. Watchmaker's Handbook i2nio, 

Sayers, H. M. Biakes for Tram Cars Svo, 

Scheele, C. W. Chemical Essays Svo, 

Scheithauer, W. Shale Oils and Tars Svo, 

Schellen, H. Magneto-electric and Dynamo-electric Machines Svo, 

Scherer, R. Casein. Trans, by C. Salter Svc, 

Schicrowitz, P. Rubber, Its Production and Industrial Uses ... Svo, 

Schindler, K. Iron and Steel Construction Works z2nio, 

Schmall, C. N. First Course in Analytic Geometry, Plane and Solid. 

i2mo, half leather, 
Schmall, C. N., and Shack, S. M. Elements of Plane Geometry. . . z2ino, 

Sc^meer, L. Flow of Water Svo, 

Schumann, F. A Manual of Heating and Ventilation i2mo, leather, 

Schwarz, E. H. L. Causal Geology Svo, 

Schweizer, V. Distillation of Resins Svo, 

Scott, W. W. Qualitative Analysis. A Laborritory Manual Svo, 

Scribner, J. M. Engineers' and Mechanics' Companion. .i6mo, leather, 
Scudder, H./ Electrical Conductivity and Ionization Constants of 

Organic Compounds Svo, 

Searle, A. B. Modern Brickmaking Svo, 

Cement, Concrete and Bricks Svo, 

Searle, G. M. ''Sumners' Method." Condensed and Improved. 

(Science Series No. 124.) i6mo, 

Seaton, A. E. Manual of Marine Engineering Svo 
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Seaton, A. E., and Rounthwaite, H. M. Pocket-book of Marine Engi- 
neering i6mo, leather, 3 00 

Seeligmann, T.,- Tonilhon, G. L., and Falconnet, H. India Rubber and 

Gutta Percha. Trans, by J. G. Mcintosh 8vo, *5 00 

Seidell, A. Solubilities of Inorganic and Organic Substances 8vo, *s 00 

Sellew, W. H. Steel Rails 4to, *i2 50 

Senter, G. Outlines of Physical Chemistry i2mo, *i 75 

Text-book of Inorganic Chemistry i2mo, *i 75 

Sever, G. F. Electric Engineering Experiments 3vo, boards, *i 00 

Sever, G. F., and Townsend, F. Laboratory and Factory Tests in Elec- 
trical Engineering 8vo, *2 50 

Sewall, C. H. Wireless Telegraphy , Svo, *2 00 

Lessons in Telegraphy i2mo, *i 00 

Sewell, T. Elements of Electrical Engineering Svo, *3 00 

The Construction of Dynamos Svo, *$ 00 

Sexton, A. H. Fuel and Refractory Materials i2mo, *2 50 

Chemistry of the Materials of Engineering i2mo, *2 50 

Alloys (Non-Ferrous) Svo, 

The Metallurgy of Iron and Steel Svo, 

Seymour, A. Practical Lithography Svo, 

Modern Printing Inks Svo, 

Shaw, Henry S. H. Mechanical Integrators. (Science Series No. S3.) 

i6mo, 

Shaw, S. History of the Staffordshire Potteries Svo, 

Chemistry of Compounds Used in Porcelain Manufacture Svo, 

Shaw, W. N. Forecasting Weather Svo, 

Sheldon, S., and Hausmann, E. Direct Current Machines i2mo, *2 50 

Alternating Current Machines i2mo, 

Sheldon, S., and Hausmann, E. Electric Traction and Transmission 

Engineering i2mo. 

Sheriff, F. F. Oil Merchants' Manual i2mo. 

Shields, J. E. Notes on Engineering Construction i2mo, 

Shreve, S. H. Strength of Bridges and Roofs Svo, 

Shunk, W. F. The Field Engineer i2mo, morocco, 

Simmons, W. H., and Appleton, H. A. Handbook of Soap Manufacture, 

Svo, 

Simmons, W. H., and Mitchell, C. A. Edible Fats and Oils Svo, 

Simms, F. W. The Principles and Practice of Levelling Svo, 

Practical Tunneling Svo, 

Simpson, G. The Naval Constructor i2mo, morocco, 

Simpson, W. Foundations Svo. (In Press.) 

Sinclair, A. Development of the Locomotive Engine. . . Svo, half leather, 
Twentieth Century Locomotive Svo, half leather, 

Sindall, R. W., and Bacon, W. N. The Testing of Wood Pulp Svo, 

Sindall, R. W. Manufacture of Paper. (Westminster Series.) Svo, *2 00 

Sloane, T. O'C. Elementary Electrical Calculations i2mo, 

Small wood, J. C. Mechanical Laboratory Methods i2mo, leather. 

Smith, C. A. M. Handbook of Testing, MATERIALS Svo, 

Smith, C. A. M., and Warren, A. G. New Steam Tables Svo, 
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Smith, C. F. Practical Alternating Currents and Testing 8vo, *2 50 

Practical Testing of Djmamos and Motors 8vo, *2 00 

Smith, F. £. Handbook of General Instruction for Mechanics. . . lamo, i 50 

Smith, H. G. Minerals and the Microscope 

Smith, J. C. Manufacture of Paint Svo, *3 or 

Paint and Painting Defects 

Smith, R. H. Principles of Machine Work i2mo, *3 00 

Elements of Machine Work Z2mo, *2 od 

Smith, W. Chemistry of Hat Manufacturing iimo, *3 00 

Snell, A. T. Electric Motive Power Svo, *4 00 

Snow, W. G. Pocketbook of Steam Heating and Ventilation. {In Press.) 
Snow, W. G., and Nolan, T. Ventilation of Buildings. (Science Series 

No. 5.) i6mo, o 50 

Soddy, F. Radioactivity Svo, *3 00 

Solomon, M. Electric Lamps. (Westminster Series.) Svo, *2 00 

Sothern, J. W. The Marine Steam Turbine Svo, *5 oo 

Verbal Notes and Sketches for Marine Engineers Cvo, *5 oo 

Southcombe, J. £. Chemistry of the Oil Industries. (Outlines of In- 
dustrial Chemistry.) Svo, *3 00 

Sozhlet, D. H. Dyeing and Staining Marble. Trans, by A. Morris and 

H. Robson Svo, *2 50 

Spang, H. W. A Practical Treatise on Lightning Protection i2mo, i 00 

Spangenburg, L. Fatigue of Metals. Translated by S. H. Shreve. 

(Science Series No. 23.) i6mo, 50 

Specht, G. J., Hardy, A. S., McMaster, J. B., and Walling. Topographical 

Surveying. (Science Series No. 72.) i6mo, o 50 

Speyers, C. L. Text-book of Physical Chemistry Svo, *2 25 

Sprague, £. H. Hydraulics i2mo, z 25 

Stahl, A. W. Transmission of Power. (Science Series No. 28.) . i6m9, 

Stahl, A. W., and Woods, A. T. Elementary Mechanism 12013, *2 00 

Staley, C, and Pierson, G. S. The Separate System of Sawarajs.. .870, *3 00 

Standage, H. C. Leatherworkers' Manual Svo, *3 50 

Sealing Waxes, Wafers, and Other Adhesives Svo, *2 00 

Agglutinants of all Kinds for all Purposes i2mo, *3 50 

Stanley, H. Practical Applied Physics {In Press.) 

Stansbie, J. H. Iron and Steel. (Westminster Series.) Svo, *2 od 

Steadman, F. M. Unit Photography and Actinometry {In Press.) 

S lecher, G. £. Cork. Its Origin and Industrial Uses z2mo, i oo 

Steinman, D. B. Suspension Bridges and Cantilevers. (Science Series 

No. 127.) o so 

Stevens, H. P. Paper Mill Chemist i6mo, *2 50 

Stevens, J. S. Precision of Measurements {In Press.) 

Stevenson, J. L. Blast>Fumace Calculations i2mo, leather, *2 00 

Stewart, A. Modem Poljrphase Machinery lamo, *2 00 

Stewart, G. Modem Steam Traps 12010, *i 25 

Stiles, A. Tables for Field Engineers i2mo, i 00 

Stillman, P. Steam-engine Indicator i2mo, i 00 

Stodola, A. Steam Turbines. Trans, by L. C. Loewenstein Svo, *5 00 

Stone, H. The Timbers of Commerce Svo, 3 50 

*Stone, Gen. R. New Roads and Road Laws i2mo, i 00 
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Stopes, M. Ancient Plants 8vo, 

The Study of Plant Life 870, 

^tumpf , Prof. Una-Flow of Steam Engine 4to, 

Sudborou^h, J. J., and James, T. C. Practical Organic Chemistry. . i2mo, 

SuflSing, £. R. Treatise on the Art of Glass Painting Svo, 

Swan, K. Patents, Designs and Trade Marks. (Westminster Series.). 

Svo, 
Swinburne, J., Wordingham, C. H., and Martin, T. C. Electric Currents. 

(Science Series No. 109.) i6mo, 

Swoope, C. W. Lessons in Practical Electricity i2mo, 

Tailfer, L. Bleaching Linen and Cotton Yam and Fabrics Svo, *5 00 

Tate, J. S. Surcharged and Different Forms of Retaining-walls. (Science 

Series No. 7.) i6mo, o 50 

Taylor, E. N. Small Water Supplies i2mo, *2 00 

Templeton, W. Practical Mechanic's Workshop Companion. 

i2mo, morocco, 2 00 

Terry, H. L. India Rubber and its Manufacture. (Westminster Series.) 

Svo, *2 00 

Thayer, H. R. Structural Design. Svo. 

Vol. I. Elements of Structural Design *2 00 

Vol. II. Design of Simple Structures {In Preparation.) 

Vol. ni. Design of Advanced Structures (//i Preparation.) 

Thiess, J. B., and Joy, G. A. Toll Telephone Practice Svo, *3 50 

Thom, C, and Jones, W. H. Telegraphic Connections.. . .oblong, i2mo, i 50 

Thomas, C. W. Paper-makers* Handbook {In Press.) 

Thompson, A. B. Oil Fields of Russia 4to, *7 50 

Petroleum Mining and Oil Field Development Svo, *5 00 

Thompson, S. P. Dynamo Electric Machines. (Science Series No. 75.) 

i6mo, o 50 

Thompson, W. P. Handbook of Patent Law of All Countries i6mo, i 50 

Thomson, G. S. Milk and Cream Testing i2mo, *i 75 

Modern Sanitary Engineering, House Drainage, etc Svo, *3 00 

Thomley, T. Cotton Combing Machines Svo, *3 00 

Cotton Waste Svo, *3 00 

Cotton Spinning. Svo. 

First Year *i 50 

Second Year *2 50 

Third Year .* *2 50 

Thurso, J. W. Modem Turbine Practice Svo, *4 00 

Tidy, C.Meymott. Treatment of Sewage. (Science Series No. 94.) i6mo, 050 

Tillmans, J. Water Purification and Sewage Disposal. Trans, by 

Hugh S. Taylor Svo, *2 00 

Tenney, E. H. Test Methods for Steam Power Plants. .. .{In Press.) 

Tinney, W. H. Gold-mining Machinery Svo, *3 00 

Titherley, A. W. Laboratory Course of Organic Chemistry Svo, *2 00 

Toch, M. Chemistry and Technology of Mixed Paints Svo, *3 00 

Materials for Permanent Painting i2mo, *2 00 

Chemistry and Technology of Mixed Paints. (In two volumes.) 

{In Press.) 
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Todd, J., and Whall, W. B. Practical Seamanship 8vo, ♦y se* 

Tonge, J. Coal. (Westminster Series.) 8vo, *a OO' 

Townsend, F. Alternating Current Engineering 8vo, boards, *o 75 

Townsend, J. Ionization of Gases by Collision 8vo, *i 25 

Transactions of the American Institute of Chemical Engine 3rs, 8vo. 

Vol, I. 1908 *6 00 

Vol. n. 1909 *6 00 

Vol. in. 1910 *6 OO- 

Vol. IV. 19H *6 00 

Vol. V. 1912 ♦6 00 

Traverse Tables. (Science Series No. 115.) i6mo, o 50 

morocco, i 00 

Treiber, E. Foundry Machinery. Trans, by C. Salter... lamo, i 25 

Trinks, W., and Housum, C. Shaft Governors. (Science Series No. 122.) 

z6mo, o 50' 

Trowbridge, W. P. Turbine Wheels. (Science Series No. 44.) . . i6mo, o 50 

Tucker, J. H. A Manual of Sugar Analysis 8vo, 3 50 

Tunner, P. A. Treatise on Roll-turning. Trans, by J. B. Pearse. 

8vo, text and folio atlas, zb 00- 
Tumbull, Jr., J., and Robinson, S. W. A Treatise on the Compound 

Steam-engine. (Science Series No. 8.) i6mo, 

Turrill, S. M. Elementary Course in Perspective zamo, *x 25 

Underbill, C. R. Solenoids, Electromagnets and Electromagnetic Wind- 
ings z2mo, *2 00 

Underwood, N., and Sullivan, T. V. Chemistry and Technology of 

Printing Inks (In Press,) 

Urquhart, J. W. Electric Light Fitting zamo, a o<v 

Electro-plating z2izio, a 00 

Electrotyping zaizio, a 00 

Electric Ship Lighting zamo, 3 oo- 

Usbome, P. O. G. Design of Simple Steel Bridges 8vo, *4 00- 

Vacher, F. Food Inspector's Handbook 

Van Nostrand's Chemical Annual. Third issue 1913 — leather, zamo, *a jo 
Year Book of Mechanical Engineering Data (In Press,) 

Van Wagenen, T. F. Manual of HydrauUc Mining z6mo, z 00 

Vega, Baron Von. Logarithmic Tables 8vo, cloth, a 00 

half morroco, a 50 

Vincent, C. Ammonia and its Compounds. Trans, by M.J. Salter. 8vo, *a oo- 

Volk, C. Haulage and Winding Appliances 8vo, *4 00 

Von Georgievics, G. Chemical Technology of Textile Fibres. Trans. 

by C. Salter 870, ^4 50 

Chemistry of Dyestuffs. Trans, by C. Salter 8vo, ^4 SQ 

Vose, G. L. Graphic Method for Solving Certain Questions in Arithmetic 

and Algebra (Science Series No. z6.) z6mo, o S^ 

Vopmaer, A. Ozone (In Press.) 

Wabner, R. Ventilation in Mines. Trans, by C. Salter 8vo, ^4 $0 

Wade, E. J. Secondary Batteries Svo, ^4 OO 
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"Wadmore, T. M. Elementary Chemical Theory lamo, *i So 

"Wadsworth, C. Primary Battery Ignition iimo, *o 50 

Wagner, £. Preserving Fruits, Vegetables, and Meat i2mo, *2 50 

Waldram, P. J. Principles of Structural Mechanics . . .T i2mo, *s 00 

Walker, F. Aerial Navigation 8vo, 2 00 

Dynamo Building. (Science Series No. 98.) i6mo, o so 

Walker, F. Electric Lighting for Marine Engineers 8vo, 2 00 

Walker, J. Organic Chemistry for Students of Medicine Svo, *2 50 

Walker, S. F. Steam Boilers, Engines and Turbines 8vo, 3 00 

Refrigeration, Heating and Ventilation on Shipboard i2mo, *2 00 

Electricity in Mining 8vo, *3 50 

Wallis-Tayler, A. J. Bearings and Lubrication 8vo, *i 50 

Aerial or Wire Ropeways 8vo, *$ 00 

Motor Cars Svo, i 80 

Motor Vehicles for Business Purposes 8vOj 3 50 

Wallis-Tayler, A. J. Pocket Book of Refrigeration and Ice Making. i2mo, i 50 

Refrigeration, Cold Storage and Ice-Making Svo, *4 50 

Sugar Machinery i2mo, *2 00 

Wanklyn, J. A. Water Analysis i2mo, 2 00 

Wansbrough, W. D. The A B C of the Differential Calculus i2mo, *i 50 

Slide Valves i2mo, *2 00 

Waring, Jr., G. E. Sanitary Conditions. (Science Series No. 31.) .i6mo, o 50 

Sewerage and Land Drainage *6 00 

Waring, Jr., G. E. Modem Methods of Sewage Disposal i2mo, 2 00 

How to Drain a House i2mo, i 25 

Wames, A. R. Coal Tar Distillation Svo, *2 50 

Warren, F. D. Handbook on Reinforced Concrete i2mo, *2 50 

Watkins, A. Photography. (Westminster Series.) Svo, *2 00 

Watson, E. P. Small Engines and Boilers i2mo, i 25 

Watt, A. Electro-plating and Electro-refining of Metals Svo, "'4 50 

Electro-metallurgy i2mo, i 00 

The Art of Soap Making Svo, 3 00 

Leather Manufacture Svo, *4 00 

Paper-Making Svo, 3 00 

Weale, J. Dictionary of Terms Used in Architecture i2mo, 2 50 

Weale's Scientific and Technical Series. (Complete list sent on appli- 
cation.) 

Weather and Weather Instruments i2mo, i 00 

paper, o 50 

Webb, H. L. Guide to the Testing of Insulated Wires and Cables. i2mo, i 00 

Webber, W. H. Y. Town Gas. (Westminster Series.) Svo, *2 00 

Weisbach, J. A Manual of Theoretical Mechanics Svo, *6 00 

sheep, *7 50 

Weisbach, J,, and Herrmann, G. Mechanics of Air Machinery Svo, *3 75 

Welch, W. Correct Lettering (In Press.) 

Weston, E. B. Loss of Head Due to Friction of Water in Pipes. .i2mo, *i 50 

We3anouth, F. M. Drum Armatures and Commutators Svo, ^^3 00 

Wheatley, 0. Ornamental Cement Work (In Press.) 

Wheeler, J. B. Art of War z2mo, i 75 

Field Fortifications i2mo, i 75 



